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Abstract 
This thesis presents a research into the solder interconnects made through the 
reactive bonding process based on the self-propagating reaction. A numerical study of 
soldering conditions in the heat affected zone (HAZ) during bonding was initially 
carried out in order to understand the self-propagating reactive bonding and the related 
influencing factors. This was subsequently followed by an extensive experimental work 
to evaluate the feasibility and reliability of the reactive bonding process to enable the 
optimisation of processing parameters, which had provided a detailed understanding in 
terms of interfacial characteristics and bonding strengths. In addition, by focusing on 
the microstructure of the bonds resulted from the self-propagating reactions, the 
interfacial reactions and microstructural evolution of the bonded structures and effects 
of high-temperature aging were studied in details and discussed accordingly. 
To study the soldering conditions, a 3D time-dependent model is established to 
describe the temperature and stress field induced during self-propagating reactions. The 
transient temperature and stress distribution at the critical locations are identified. This 
thus allows the prediction of the melting status of solder alloys and the stress 
concentration points (weak points) in the bond under certain soldering conditions, e.g. 
ambient temperature, pressure, dimension and type of solder materials. Experimentally, 
the characterisation of interconnects bonded using various materials under different 
technical conditions is carried out. This ultimately assists the understanding of the 
feasibility, reliability and failure modes of reactive bonding technique, as well as the 
criteria and optimisation to form robust joints.  
The formation of phases such as intermetallic compounds (IMCs) and mechanism 
of interfacial reactions during reactive bonding and subsequent aging are elaborated. 
The composition, dimension, distribution of phases have been examined through cross-
sectional observations. The underlying temperature and stress profile determining the 
diffusion, crystallization and growth of phases are defined by numerical predictions. 
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Through the comparative analysis of the experimental and numerical results, the unique 
phases developed in the self-propagating joints are attributed to the solid-liquid-
convective diffusion, directional solidification and non-equilibrium crystallization. The 
recrystallization and growth of phases during aging are revealed to be resulted from the 
solid-state diffusion and equilibration induced by the high-temperature heating.  
In conclusion, the interfacial reactions and microstructural evolution of 
interconnect developed through self-propagating reactive bonding are studied and 
correlated with the related influencing factors that has been obtained from these 
predictions and experiments. The results and findings enable the extensive uses of self-
propagating reactive bonding technology for new design and assembly capable of 
various applications in electronic packaging. It also greatly contributes to the 
fundamentals of the crystallization and soldering mechanism of materials under the 
non-equilibrium conditions. 
Keywords: Self-propagating reaction, reactive bonding, soldering condition, non-
equilibrium soldering, interfacial reaction, cross-sectional microstructure, reliability, 
mechanical integrity, influencing factors, high-temperature aging. 
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Chapter 1. Introduction 
1.1 Background and Context 
To achieve high-performance multi-functional devices, the current trends in the 
manufacturing of electronic devices focus on the miniaturization and integration of 
micro-modules or MEMS (micro-electrical-mechanical system) into a complex single 
system [1-3]. As components fabricated from different materials and techniques have 
to be assembled and packaged within ever confined space or substrate estate, 
continuously increased demands and technical challenges to enable such electronic 
integrations are imperative for future embodiments of such multifunctional 
miniaturized devices.  
In general, various functional components such as integrated circuits (ICs) which 
are fabricated at the micro- and nano- scale must be interconnected through traditional 
wafer-level bonding techniques, including silicon direct bonding, glass frit bonding, 
thermos-compression bonding, anodic bonding and eutectic soldering [2-15]. However, 
during these bonding processes, all components and substrates have to be heated up to 
a high temperature entirely to produce strong and reliable bonds. The change of 
processing temperature of different bonding techniques and materials involved, thus the 
mismatch in CTE (coefficient of thermal expansion) of materials can result in 
significant thermal stresses across the packages, which is likely to cause the failure of 
interconnection. Also, the elevated temperature can potentially induce the damages on 
the temperature sensitive components inside integrated devices. Therefore, to meet the 
requirements and challenges for integration, bonding methods that are compatible with 
various materials and bonding processes are highly demanded.  
There are two preliminary approaches to solving the above problems. One 
potential solution is to decrease the bonding temperature through the usage of solders 
having low melting points, such as In-based and Sn-based solder alloys [2, 16-19]. The 
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other method is to increase temperature only at the bonding interfaces by ‘localized 
heating’ without significant thermal affecting the main bonding components or 
structures, for instance, through laser bonding or the induction heating bonding 
methods [20-30]. However, the low-temperature solder alloys are not suitable for 
devices and applications that servicing at a high temperature. Moreover, since the 
difficulties in precise control of the bonding region, the non-planarity and non-uniform 
heating characteristics can cause various damages on the bonding structure and fragile 
IC chips during laser and induction bonding. This has restricted their usefulness in 
electronics packaging industry. Thus, there has been a search for new and novel bonding 
technologies that are able to realize the strong and robust bonds and minimize the 
potential thermo-mechanical damages. 
One possible technique is to apply the self-propagating exothermic reactions at the 
bonding interfaces to allow the localized heat to be supplied for interfacial bonding [31-
33]. This bonding method was previously utilized for synthesizing composite materials 
or intermetallic, also known as self-propagating reactive bonding [34-46]. In this 
bonding process, the alternative multilayered structure consisting of nano- thin films of 
two or more reactive metals which can be formed by magnetron sputtering as a 
laminated foil have been used as the combustible material at the interface of bonding. 
As the thin nanolayers can maximize the contact between metals, the activation 
energy for self-propagating reaction is substantially reduced in comparison with the 
reaction between bulk materials. Thus, on initiation of a heat pulse, delivered by 
a laser pulse, electric spark, flame, or other means, such reactive foils can trigger self-
sustaining exothermic reaction to produce a locally rapid burst of energy. During the 
reaction, this released energy ranging from 1000 to 1300 joules per gram induces an 
increase of local temperature up to 1600 °C. Under such situation, surrounding 
materials, such as solders or low melting point substrates, are melted, thus a 
metallurgical bonding between components can be achieved after solidification. Note 
that as the total energy released in the rapid exothermic process is merely several joules, 
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the local high temperature cools down to room temperature in several milliseconds, for 
which the heat affected zone (HAZ) can be estimated to be limited to a narrow region. 
Compared with traditional soldering/brazing techniques, the self-propagating 
reactive bonding process has significant advantages [33, 47-50]. For the localized high 
temperature during the reactions, a large transient thermal stress may be induced in the 
bonding area that certainly assist the breakdown of the oxidation layer on the surface 
of metals or alloys to be bonded. As such, no protective atmosphere or flux is required 
during reactive bonding, thereby the joining structure and process are greatly simplified. 
Additionally, owing to the rapid heating/cooling process and narrow HAZ region, 
interconnections can be obtained without heating the entire package structures. For this 
reason, this bonding process can be carried out at a low processing temperature even 
for the materials which may possess high melting point, and thereby the thermal 
damage to internal IC chips and the residual stress caused by mismatched CTEs after 
reactions can be significantly reduced. Considering the above bonding features, the 
proposed reactive bonding technology provides a unique approach to the 
interconnection of heterogeneous materials for multifunctional device integration. For 
example, through self-propagating reactive bonding, the components fabricated with 
significantly dissimilar materials which can include the refractory materials, 
semiconductors, metals and alloys, ceramics, and polymers can be bonded at low 
temperature to avoid thermal stress induced failure such as cracking. Moreover, 
heatsinks or dies can be directly attached to other components to improve the 
performance of devices where high-temperature stability is needed, such as high-power 
LEDs or concentrated photovoltaics solar panels, composite armor plates, large 
sputtering targets, and other applications requiring uniformly interconnects over a large 
area. 
In the past decades, various published literature, concerning the self-propagating 
reaction process and joining of glasses, ceramic, super-alloy, intermetallic, wafer, 
MEMS and amorphous using self-propagating reactive bonding, have been reported 
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[51-64]. Although metallurgical interconnections had been successfully achieved 
throughout these attempts, little attention has been given to the soldering using self-
propagating reactive bonding process. During reactive bonding, the massive localized 
heat released from exothermic reaction causes rapid heating/cooling (>106 K/s) in 
solder alloys and large temperature gradient (>104 K/mm) across the bonding area. The 
whole soldering process, including the stages of melting, wetting, filling and 
solidification of materials, is completed within a very short time (in the range of 
milliseconds). Under such condition, the reactive soldering process is highly non-
equilibrium. However, the detailed bonding mechanism is yet to be understood fully. 
Selection of processing parameters and formation of voids/cracks after bonding also 
require further investigations. Therefore, it is imperative to explore the reactive bonding 
process to elaborate the mechanism of interfacial reactions and forming principle of 
phases as well as the influencing factors which may enable the extensive uses of such 
technology, and achieve the optimum processing parameters defined for new design 
and assembly capable of various applications in electronic packaging. 
1.2 Research aims and objectives 
The aim of this Ph.D. research is to understand the soldering interconnections 
made through the reactive bonding process based on the self-propagating reaction, for 
which the soldering conditions determining the thermal and dynamic characteristics, 
the feasibility and reliability of this technique, as well as the interfacial reactions and 
microstructural evolution process controlling the formation and transformation of 
phases during bonding and after-bonding tests have to be investigated.  
To estimate the soldering conditions, a three-dimensional (3D) model is developed 
to enable the finite element analysis (FEA) to predict the temperature and stress fields 
induced in the reactive bonding process. Then, extensive experimental work have been 
implemented to evaluate the feasibility and reliability of the reactive bonding process, 
which provides a detailed understanding in terms of interfacial characteristics and 
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bonding strengths, and analyse the influence of bonding structure and technical 
conditions to enable the optimisation. By focusing on the microstructure of the bonds 
resulted from the self-propagating reactions and high-temperature aging, the interfacial 
reactions and evolution process of the microstructure and phases were studied in details 
and discussed accordingly. 
Through this research, the microstructure, soldering condition, reliability and 
failure modes of the solder interconnects formed using reactive bonding technique, as 
well as the criteria and optimisation to form robust joints can be fully understood and 
predicted. The results and findings will contribute to the fundamentals of the non-
equilibrium soldering, but also enable the extensive uses of self-propagating reactive 
bonding technology for various applications in electronic packaging. 
1.3 Structure of the Thesis 
This thesis consists of 8 chapters, as shown schematically in Fig. 1-1. 
The first chapter presents the introduction to the academic and industrial context 
in terms of the current issues and challenges in electronic packaging and the advantages 
of the use of self-propagating reactive bonding. In this chapter, a general overview of 
the background study, problem description, research motivation, aims and scope of the 
Ph.D. project is demonstrated. Also, the organization of the thesis chapters and a 
summary of main contributions of this Ph.D. research to the existing body of knowledge 
are illustrated in detail. 
Chapter 2 provides a comprehensive literature review on the traditional bonding 
processes and self-propagating reactive joining. To highlight the strengths and novel 
features of the methods developed in this thesis, the merit and demerit of different 
bonding processes are summarized. In addition, the fundamental theories and 
techniques utilized for self-propagating bonding process are also reviewed to enable the 
analysis and understanding of various issues encountered in the chapters to follow. 
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Chapter 4
Numerical prediction 
and analysis
Chapter 1. Introduction
Background, Research motivation, aims and scope, thesis structure
Chapter 3. Experimental details and numerical analysis
Materials selection and preparation, Numerical analysis, equipment and 
characterization
Chapter 2. Literature Review: Self-propagating reaction methods 
for materials bonding
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Chapter 5
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Chapter 6
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Effect of 
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Fig. 1- 1 Overview of the thesis structure. The relationships between chapters are 
demonstrated in the flow chart. 
In Chapter 3, the particular methodology employed to implement the joining 
experiments and the theories to establish models for FEA simulation of the self-
propagating bonding process are described. Materials, such as solder alloys, substrates, 
and Under-Bump Metallization (UBM) layers, and the bonding structure which is 
associated with the experiments are given. The characterisation procedures and testing 
apparatus, including the morphological characterisation, shear strength measurement, 
phase evolution capturing after bonding and aging, are depicted in details. Numerically, 
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this chapter briefly introduces the Comsol Multiphysics Software, which is the main 
simulation tool used for numerical prediction in this work. Also, the models developed 
by researchers and assumptions that are chosen to simulate the self-propagating 
bonding process are discussed to gain insight into the fundamental understanding of 
FEA simulation.  
Based on the established model, a series of 3D numerical investigation are 
performed in chapter 4 to predict the temperature and stress field in joint during the 
self-propagating reaction. The maximum reaction temperature, duration of melting and 
the concentration of stress in the self-propagating joint were analysed. Particularly, the 
changing history of temperature at the bonding interfaces and the stress concentration 
points in HAZ region are evaluated for interconnects bonded with different technical 
conditions. Through these predictions, the investigation of the interfacial reaction and 
phase evolution process during reactive bonding, and the influence of technical 
conditions on the formation of interconnects can be enabled in the next few chapters. 
Subsequently, Chapter 5 demonstrates the experimentally characterized cross-
sectional morphology of joints formed by reactive bonding. The distribution, 
dimension and composition of every phase and intermetallic compound (IMC) in 
obtained self-propagating interconnects are ascertained through the scanning electron 
microscope (SEM),  Transmission Electron Microscope (TEM) and the associated 
Energy Dispersive X-ray Detector (EDX) observation. Hence, based on the predicted 
temperature-stress profile, the migration and diffusion behaviour of elements, the 
interfacial reactions between liquid solder alloys and Al-Ni NanoFoil or substrates that 
cause the soldering process, as well as the nucleation and crystallization of phases 
during self-propagating reactive bonding are investigated in details in this Chapter. 
To evaluate the feasibility of self-propagating reactive bonding, substrates that are 
traditionally used in electronics are selected and bonded using different types of solder 
alloys. The results of these investigations are presented in Chapter 6. Besides the cross-
sectional microstructure, the shear strength, defects and fracture of achieved self-
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propagating joints are also examined by experimental tests to assess the reliability and 
influencing factors. Thus, by comparing the experimental results with the predicted 
temperature-stress profile during bonding from modeling, the critical criteria and 
optimisation methods to form robust interconnections for various application are 
recommended. 
Following the research on the soldering mechanism and mechanical integrity of 
self-propagating joints in Chapter 5 and 6, the work presented in Chapter 7 focus on the 
evolution of grains, IMCs and defects during accelerated aging. By characterizing the 
microstructure of interconnects after different time of aging, the evolution history of 
grains, IMCs and defects, regarding the composition and distribution, during aging are 
reconstructed. Furthermore, the formation, recrystallization and growth process of 
phases in the self-propagating joint are elaborated, which can be finally utilized to 
estimate the changing of the reliability of reactively bonded interconnects when serving 
at the working conditions. 
Finally, Chapter 8 summarizes the main findings of the work presented in this 
thesis. An outlook on the current issues and further development is also provided to 
serve as a guideline for researchers who may continue to consider further optimisation 
and application of the self-propagating reactive bonding method. 
1.4 Summary of contributions 
This Ph.D. research has primarily made the following distinct contributions to the 
existing knowledge and technology as identified by the author: 
 A 3D time-dependent model has been established to predict the temperature and 
stress profile in self-propagating joints during reactive bonding. This model 
enables the prediction of soldering condition in reactive bonding area to understand 
the interfacial reaction and soldering mechanism during the self-propagating 
reactive bonding process and the effect of the influencing factors. 
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 Detailed characterisations of the self-propagating joints, regarding microstructure, 
composition and distribution of phases, have been conducted and corelated to the 
predicted soldering conditions. Hence, the interfacial reactions and microstructural 
evolution of interconnect developed through self-propagating reactive bonding are 
studied, which will help reveal the diffusion and crystallization mechanism of 
phases under highly non-equilibrium condition. 
 Various bonding experiments are carried out to verify the feasibility of reactive 
bonding for different applications and the related influencing factors. The strength 
and failure mechanism of the self-propagating joint are investigated based on 
reliability tests and microstructural characterisation. The influence of the bonding 
structure, such as dimension and materials, and the effect of technical conditions, 
including ambient temperature, applied pressure and material properties (density, 
heat capacity and thermal conductivity) of the bonding materials, on the self-
propagating reactive bonding have been identified through experimental tests and 
numerical predictions. By contrasting the obtained data, the critical criteria and 
optimisation to form robust joints is proposed. These findings will contribute to the 
selection and optimisation of the bonding structure and technical conditions for 
various packaging applications. 
 Through the accelerated aging, the evolution history of IMCs, grains and defects 
in the bonding area of the self-propagating joint are reconstructed experimentally 
to uncover their complex formation and growth mechanism at working conditions.  
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Chapter 2. Literature review 
In this chapter, the literatures in terms of the traditional bonding techniques and 
self-propagating reactive bonding will be summarized to serve as the foundation of the 
research in the following chapters.  
2.1 Bonding techniques for electronics packaging 
Currently, various bonding technologies such as thermocompression bonding, 
wire bonding, anodic bonding, adhesive bonding, and eutectic soldering had been 
utilized to achieve mechanical and electrical interconnection for the integration of 
components and devices. Each bonding technology has its own characteristics and 
should be selected according to the application [1, 3, 6, 8-10, 12-15, 65-67]. Thus, to 
elaborate the superiority and applicable scope of the self-propagating reactive bonding, 
the merits and demerits of these bonding techniques are discussed at first. 
2.1.1 Wire bonding 
Wire bonding, which is considered as the most cost-effective and flexible 
interconnect technology, is normally used to complete the electrical interconnection 
inside the semiconductor packages [15, 68-71]. Although less common, it can also be 
utilized to form fine pitch bonding between an IC and other semiconductor devices or 
one printed circuit board (PCB) and another [12, 69]. 
In general, the bonding wires are made of metals such as Aluminum (Al), Copper 
(Cu), Silver (Ag), and Gold (Au). Based on these wires, there are two basic wire-
bonding processes, namely the ball bonding and wedge bonding [72]. Ball bonding is 
restricted to gold and copper wire and usually requires heat, but wedge bonding can use 
gold, silver or aluminum wire with only the gold wire requiring heat. In either type of 
wire bonding, the wire is attached at both ends using some combination of heat, 
pressure, and ultrasonic energy to make a weld. Thus, according to the energy type, the 
conventional wire bonding techniques can be classified from another aspect as the 
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thermo-compression bonding, ultrasonic bonding and thermosonic bonding [73]. In the 
thermocompression bonding, the die and wire have to be heated up to 250 °C to obtain 
reliable interconnection. Under such condition, this method is not suitable for devices 
that cannot withstand high processing temperatures. Also, for the ultrasonic bonding 
that relies on pressing the wire on the bonding surface with ultrasonic vibration 
(typically 60 kHz), the applied pressure and vibration can induce mechanical damages 
on the chips and components. Hence, only the thermosonic wire bonding technique 
which combines the advantages of both is prevailing for manufacturing [74].  
At present, densely interconnects with a pitch of 35 μm are achievable using Au-
thermosonic ball/wedge wire bonding. Bond loops with 50 μm loop height that enable 
thinner and denser integrated packages are in production [75-77]. However, the 
advances in IC fabrication technologies bring new challenges, such as the increase in 
I/O numbers and the necessary reduction in cost, wire size and bond pad pitch. Due to 
the relatively high rates of metal pad peeling, the wire bonding process becomes more 
sensitive when packaging “ultra-fine-pitch” devices. Also, since the decrease in the 
wire size, the tail bond may be detached away during the wire termination process, 
resulting in wire open or non-sticking on lead. Thus, the process parameter window 
becomes much narrower, and thereby more complicated capillary design is required. 
Under such situation, to improve the process manufacturability and reliability of wire 
bonding, new energy-supplying approaches and optimisation methods are imperative 
in the manufacturing of devices possessing fine pitch packages. 
2.1.2 Wafer direct bonding 
Wafer direct bonding, also simply named as wafer bonding or fusion bonding, 
refers to the adhesion of two solids with sufficiently clean and preferably almost ideally 
flat surfaces [78-81]. In this technique, through the intermolecular attractive forces, 
such as van der Waals forces, strong covalent bonds or forces associated with Hydrogen 
Bridge bonds, two mirror-polished and thoroughly cleaned wafers can adhere at room 
temperature without using outside forces or any adhesives. Then, after a slight pressure 
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is applied at some point, the bonded area can spread over the entire wafer surface in a 
few seconds to complete the interconnection [82]. For room-temperature wafer bonding, 
there are three main ways to perform the bonding, including hydrophilic bonding, 
hydrophobic bonding, and ultra-high vacuum (UHV) bonding, in which hydrophilic 
bonding is the most commonly used technique today for the fabrication of silicon-on-
insulator (SOI) wafers [83, 84]. In hydrophilic and hydrophobic bonding, the bonding 
is mediated by van der Waals forces or hydrogen bridge bonds for most of the materials 
to be bonded. These types of bond energies are too weak for most practical applications, 
as such the bonded wafers have to undergo an additional annealing treatment to 
strengthen the bonds. Only in the case of bonding in UHV, the room temperature 
bonding is covalent and thus equivalent to bonding and subsequent annealing. Note that 
the bonding is still reversible before annealing, and occurs irrespective of the materials 
structure or composition. But after the subsequent annealing, irreversible interconnect 
with higher bond strength will be formed, in which some chemical reaction of atoms or 
molecules at the interface may be involved.  
For the features mentioned above, the wafer direct bonding technology provides 
one flexible approach for the manufacturing and integration of silicon and especially 
SOI wafers [79, 85-87]. However, the elevated temperature in the high annealing period 
may cause many problems such as doping of impurities, thermal stress concentration, 
defect generation, and metal wiring corruption [88]. Even the required annealing 
temperature can be reduced by different pre-treatments such as plasma activation 
(plasma activated bonding), surface activation (surface activated bonding) and ultra-
high vacuum (UHV bonding) to avoid undesirable changes or decomposition, the 
mismatch of CTEs between different materials is still a substantial restriction [33, 89-
92]. Thus, considering the high requirements on the surface roughness, flatness, and 
cleanliness of material, the application scope of wafer direct bonding technology is 
limited. 
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2.1.3 Thermal compression bonding 
The thermal compression technology is also utilized to implement the wafer-to-
wafer bonding in microstructure fabrication [5, 8, 65, 93-96]. This process is analogous 
to the cold welding process, but temperature, pressure, and low hardness metal or solder 
films are used to combat surface contamination and surface oxides [9, 14]. In the 
thermal compression bonding, a thin suitable adhesion layer, i.e. chromium (Cr), 
platinum (Pt) or palladium (Pd), is deposited on each chip or component to be bonded, 
followed by a diffusion layer of nickel (Ni), Cu or Au and even a layer of solder alloys 
[97, 98]. Then, the chip or component is flipped over to face the other, and aligned and 
contacted for subsequent bonding. Thus, through the additional heating and pressure 
that are applied to the bonding structure for a specific length of time, the interconnection 
between chips or components can be attained for the atomic migration from one crystal 
lattice to the other one on the basis of crystal lattice vibration.  
Normally, the operation temperature is ranging from 250~450 °C, and the applied 
pressure is at about tens to hundreds of psi [5, 9, 14]. For instance, in the experiments 
ran at the Massachusetts Institute of Technology (MIT), after 20 psi of pressure was 
applied to the wafers for 2.5 min at approximately 300–350 °C, interconnects having 
bond strength comparable to that of wire bonds were obtained. However, without a 
proper force or gap control, the solder in some joints may be squeezed out and can touch 
the neighbours to cause the failure of the short circuit. Additionally, how to keep a 
precise alignment during the bonding, especially for the bonding of TSV chips using 
micro-bumps where the accurate control of the bump height is required, is also quite 
challenging. For these reasons, the thermocompression bonding is still a relatively 
little-used bonding technology.  
2.1.4 Anodic bonding 
Anodic bonding, also known as field assisted bonding or electrostatic sealing, is 
one well-established joining technology [99]. Particularly, the interconnection between 
silicon and glass or metal and glass can be achieved through electric fields without 
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introducing an intermediate layer in the package [100, 101]. For this unique feature, the 
anodic bonding is reported to account for the majority of packaging applications of 
MEMS devices [66]. 
In anodic bonding, silicon is unlike, e.g. copper and aluminum, an inert anode. As 
no ions can drift out from the silicon during the bonding process, a positive volume 
charge occurs in the silicon wafer. As a result, a few micrometer thick high-impedance 
depletion region is developed at the bond barrier with the other side. Thus, based on the 
high field intensity in the depletion region or the gap at the interface, the bonding 
process as a combination of the electrostatic and electrochemical process starts. During 
bonding, while the substrates are heated to a typical temperature of 400–450 °C for 
about 5 to 20 min, a voltage of 400–1200 V is applied to the wafer pair to be bonded. 
Meanwhile, additional pressure is also applied to create intimate contact between the 
surfaces to ensure excellent electrical conduction across the wafer pair. Under such 
bonding conditions, an irreversible chemical bond between the individual wafer and 
glass, silicon or metal is realized for the migration of ions under electrostatic force, of 
which the average bond strength can reach 10 to 20 MPa according to the pull tests [71, 
102-108]. 
Compared with other techniques, the anodic bonding process can tolerate rougher 
surfaces and does not require an ultraclean environment [109, 110]. However, a 
material which is sufficiently electrically conductive at the interface is needed for 
anodic joining. Hence, at the bonding temperature, the non-conductive material being 
joined to silicon must contain a significant number of mobile charge carriers. Moreover, 
for the elevated bonding temperature, the mismatch of CTEs poses significant 
challenges for anodic bonding. The excessive thermal stress can harm the bond through 
inherent material tensions and cause disruptions in the bonding materials. For these 
disadvantages, the anodic bonding technology becomes unsuitable for manufacturing 
some specific types of microelectronic devices and even incompatible with other 
bonding methods, which makes the direct wafer bonding being the preferred joining 
technology instead [11, 109-111].  
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2.1.5 Conductive adhesive bonding 
Adhesive bonding, also called gluing or glue bonding, is a wafer bonding technique 
based on the polymerization reaction of organic molecules that forms long polymer 
chains [93, 112, 113]. By depositing the established polymer adhesives that can harden 
at temperatures ≤ 200 °C on one or both substrate surfaces, various micro-structures 
can be integrated on the wafer through this method and the following annealing. 
Particularly, even the structuring of polymers and realization of cavities over movable 
elements are possible if the photolithography or dry etching process is used in the 
bonding [67, 114-117].  
Compared to above bonding techniques, the adhesive bonding has the advantage 
of relatively low bonding temperature and absence of electric voltage and current. For 
these reasons, this procedure enables the use of various substrates, e.g. silicon, glass, 
metals and other semiconductor materials, in the packaging. However, the small 
adhesive structures may become wider during patterning, which hampers the 
production of an accurate intermediate layer with tight dimension control. The 
possibility of thermal instability, penetration of moisture, and corrosion caused by the 
outgassed products in the adhesives greatly reduce the reliability of the obtained 
bonding. Additionally, due to higher permeability of the gas and water molecules in 
organic adhesives, it is impossible to form hermetically sealed encapsulation. Therefore, 
the adhesive bonding can be only used for specific applications requiring low bonding 
strength and precision [118-124]. 
2.1.6 Soldering 
At present, lead-bearing solders and lead-free solders have been used extensively 
in the assembly of modern electronic circuits [15, 125, 126]. In the soldering process, 
by electroplating, dual-source evaporation (physical vapor deposition) or composite 
alloy sputtering, optional adhesion layers and solder alloys at the eutectic or near-
eutectic state that has lower melting temperature than the pure elements involved are 
deposited on one component or both to be bonded. With these coatings, the component 
is aligned and then heated to melt the solder alloy to form a metallurgical bonding 
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through a typical “reflow” process. To support the bonding, mechanical pressure and a 
chosen bonding temperature usually 30~50 degrees above the melting temperature of 
solder alloy are applied to the bonding structure, so that the melt can become less 
viscous and readily flow to surface areas that are not in atomic contact. Thus, 
interconnects have low resultant stress induced in final assembly, high bonding strength, 
large fabrication yield and an excellent reliability will be obtained through the soldering 
process [8, 9, 127-131]. 
Since the soldering process is generally conducted at a low temperature, it has 
many advantages over other bonding techniques. Specifically, the soldering technology 
has fewer restrictions, concerning substrate roughness and planarity, than direct 
bonding, and promotes a better strength and hermeticity than bonding with organic 
adhesives. Compared to anodic bonding, no high voltages are required that can be 
detrimental to electrostatic MEMS. Additionally, in contrast to thermocompression 
bonding, the soldering process enable a possibility to reduce the seal ring geometries, 
increase the hermeticity levels and shrink the size of fabricated devices. Especially, the 
physical reversibility of the soldering process allows easy repairs and non-destructive 
replacement of the soldered components. For these features, the soldering technology 
has become indispensable in the interconnection and packaging of virtually all 
electronic devices and circuits.  
However, the optimisation of the bonding parameter control is still necessary, i.e. 
low force on the wafers and appropriate soldering temperature. Otherwise, the melt may 
be pressed outside the bonding interface, leading to short circuits or device 
malfunctions of components, and false bonding or device damages may be developed 
when using high-melting-point solder alloys for the packaging of power electronics [2, 
17, 80, 132, 133]. 
In all the bonding technologies mentioned above, the bulk chips or components 
have to be heated up to a high temperature to produce a reliable joint. Especially when 
bonding power electronics or high-melting-point materials, the further elevated 
processing temperature may induce great thermal stress and damage the thermally 
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sensitive chips or components inside the packages and devices. Thus, novel bonding 
technologies which can realize robust bonds but minimize the potential thermo-
mechanical damages are required. 
2.2 Self-propagation reaction methods for bonding 
Owing to the high reaction temperature and localized heating, the reactive bonding 
technology based on the self-propagating reaction offer an exciting opportunity to 
dramatically improve conventional joining technologies by acting as local heat sources 
to melt solder or braze layers and thereby join components [134]. In general, the self-
propagating reaction which is driven by a reduction in atomic bond energy is always 
used for preparing high-temperature inorganic compounds [35-40]. Once the reaction 
is initiated by a pulse of energy, normally electrical sparks, laser or microwave [135-
137], the A-A and B-B bonds in original materials are exchanged for A-B bonds for the 
atomic diffusion. Lots of heat is produced rapidly from this bond exchange, which 
conducted towards surrounding materials and facilitates more atomic mixing and 
compound formation, thereby establishing a spontaneous reaction in the self-
propagating material.  
However, due to the high porosity of reaction products and low heat efficiency, the 
traditional powder-based self-propagating material is proved to be unsuitable for 
electronics packaging. Thus, self-propagating nanostructured multilayer foil, which 
contains alternatively deposited nanolayers, is developed [43-45, 52, 138-140]. In this 
reactive multilayer foil, the diffusion distance between different elements is reduced by 
10~1000 times, and the interface impurities are eliminated, as compared to powders. 
As a consequence, the heat efficiency, reaction velocity as well as the compactness and 
uniformity of reaction products are significantly increased, which further leads to a 
higher reaction temperature and a dense bonding structure after joining [34, 37, 41, 43-
46]. Therefore, by using these reactive multilayer foils as the internal heat source, the 
reactive bonding technology provide a low-temperature soldering approach for the 
assembly of electronic devices and MEMS components including PCB bonding, die 
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attach, heat-sink integration and sealing of microsystem packages.  
In past few decades, the self-propagating exothermic reactions have been observed 
in a variety of systems, such as Ti-Al, Al-Ni, Ti-Ni, Ni-Si, Nb-Si, Al-CuOx, Al-Pt, etc. 
[64, 140-149]. Among these systems, the Al-Ni multilayer foils had been extensively 
used as the self-propagating reaction material for reactive bonding for its high thermal 
efficiency and uniform reaction products. Thus, the works presented in this thesis, 
including the experimental bonds and numerical simulations, are all conducted using 
the Al-Ni self-propagating multilayer foil.  
2.2.1 Self-propagation reaction process 
So far, numerous investigations have been carried out to understand the self-
propagating reaction process of Al-Ni multilayer foils, in which the reaction procedures, 
thermodynamics as well as the related influencing factors have been analysed in detail. 
The synthesis process of Al-Ni multilayer foil had been examined [138, 150, 151]. 
The self-propagating reaction was reported to start at the melting point of Al 
independent of the thickness of the Ni foil. Also from the study of Huabin Wang [152], 
the self-propagating reaction occurred between Al and Ni is confirmed to be a diffusion-
induced peritectic reaction. Thus, the Al-Ni exothermic reaction can be virtually 
attributed to the reaction between the liquid Al and Ni nanolayers, as a result of which 
three kinds of alloys, namely Al3Ni, Ni2Al3, and NiAl, might develop in the reacted 
self-propagating foil.  
To elaborate the actual exothermic process, the reaction front of Al-Ni multilayer 
foils with different atomic ratio was characterized through the in-situ TEM by J.S. Kim 
[153]. It is found that cellular features were formed at all the reaction front as the 
material passes through the two-phase field of liquid + NiAl. Unlike in slow heating 
experiments, Al3Ni2 and Al3Ni alloys did not form in Al-Ni foils. Thus, although the 
composition ratio of Al and Ni was different, the NiAl intermetallic was confirmed to 
be the only phase that can present after the reaction in the Al-rich, balanced and Ni-rich 
self-propagating foils. Especially, since the interdiffusion between Ni and Al was 
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improved for the increase in the amount of liquid Al, the Al-enriched foils formed 
intermetallic on shorter time scales than the Ni-enriched foils.  
The exothermic thermodynamics of Al-Ni self-propagating system has been 
numerically investigated by solving the constitutive equations for atomic and thermal 
diffusion [154-164]. In general, as the Al-Ni exothermic reaction is dominated by the 
concentration of Al and Ni elements, the basic equations to predict the exothermic 
efficiency can be expressed as:  
?̇? =
𝑑𝑄
𝑑𝑡
                (2-1), 
𝑑𝐶/𝑑𝑡 = 𝛻 ∙ (𝐷𝛻𝐶)             (2-2), 
where ?̇? represents the rate of heat released from the self-propagating reaction front 
as it traverses the reactive film, which is localized within the reacting region and 
vanishes within the fusible solders and substrate, t is the time, C represents elemental 
ratio between Al and Ni, ∇ is the Laplace operator, and D is the average coefficient of 
atomic diffusion. By expanding the equations in terms of their partial derivatives with 
respect to t, and x- (length), y- (width), and z- (thickness) axes, Eq. 2-1 can be rewritten 
as: 
?̇? =
𝜕𝑄(𝐶)
𝜕𝑡
+ 𝑣𝑥
𝜕𝑄(𝐶)
𝜕𝑥
+ 𝑣𝑦
𝜕𝑄(𝐶)
𝜕𝑦
+ 𝑣𝑧
𝜕𝑄(𝐶)
𝜕𝑧
        (2-3), 
where 𝑄(𝑐) is the heat released from self-propagating reaction with concentration at 
C when starting from pure Al and Ni, vi (i=x, y, z) is the propagating velocity of reaction 
front along the x-, y- and z- axes. Such treatment is also carried out for Eq. 2-2. However, 
for the ideal self-propagating reaction in an infinite plane as in case of Fig. 2-1, the 
reaction front is taken to propagate only in x direction (along the length), so the terms 
involving y and z are equal to zero. Also, terms involving ∂C/∂x and ∂2C/∂x2, ∂C/∂y and 
∂2C/∂y2, ∂D/∂x and ∂2D/∂x2, and ∂D/∂y and ∂2D/∂y2 can be neglected as C varies 
principally only in the z direction. But note that since vx>>∂D/∂x, the vx∂C/∂x cannot 
be ignored. Hence, the atomic diffusion equation, Eq. 2-2, can reduce to: 
𝜕𝐶 𝜕𝑡⁄ + 𝑣𝑥 𝜕𝐶 𝜕𝑥⁄ =
𝜕
𝜕𝑧
𝐷
𝜕𝐶
𝜕𝑧
+ 𝐷
𝜕2𝐶
𝜕𝑧2
         (2-4). 
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Fig. 2- 1 The cross-sectional schematic of ideal unreacted self-propagating foil consisting of 
alternate layers of elements A and B. 
In addition, if the Arrhenius relationship between atomic diffusion coefficient, D, 
and the thermal diffusion coefficient, λ=k/ρcp, was induced [165, 166], which can be 
expressed as: 
𝐷 = 𝐴𝜆𝑒𝑥𝑝(−𝐸/𝑅𝑇)             (2-5), 
where A is the Arrhenius factor which depends on the mole fractions and diffusion 
coefficient of the two constituents [139], R is the gas constant (8.3144 J*mole-1*K-1) 
[167], T is the time-dependent temperature, Ead represents the activation energy for 
atomic diffusion, k is the thermal conductivity, ρ is the density and cp is the heat capacity, 
the composition in the self-propagating material can be calculated: 
𝜕𝐶 𝜕𝑡⁄ + 𝑣𝑥 𝜕𝐶 𝜕𝑥⁄ − 𝐴𝜆
𝜕
𝜕𝑧
exp(− 𝐸 𝑅𝑇⁄ )
𝜕𝐶
𝜕𝑧
− 𝐴𝜆 exp(− 𝐸 𝑅𝑇⁄ )
𝜕2𝐶
𝜕𝑧2
= 0(2-6). 
However, as the temperature variation through the NanoFoil (in the z direction) is 
negligible when compared with that along the direction of propagation, the T can be 
replaced by the average temperature over z, designated Tx as it only varies in x direction. 
Hence, one steady-state equation can be given: 
𝑣𝑥 𝜕𝐶 𝜕𝑥⁄ − 𝐴λexp (− 𝐸 𝑅𝑇𝑥⁄ )
𝜕2𝐶
𝜕𝑧2
= 0         (2-7).  
Using the substitution:F = ∫ exp (−𝐸 𝑅𝑇𝑥⁄ )𝑑𝑥
𝑥
−∞
, it is possible to solve Eq. 2-7 by 
separating the variables and hence obtain: 
𝑣𝑥
𝜆
𝜕𝐹
𝜕𝑥
𝜕𝐶
𝜕𝐹
− 𝐴
𝜕𝐹
𝜕𝑥
𝜕2𝐶
𝜕𝑧2
= 0            (2-8). 
Eliminating the ∂F/∂x terms and re-arranging Eq. 2-8 gives: 
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𝑣𝑥
𝜆𝐴
𝜕𝐶
𝜕𝐹
=
𝜕2𝐶
𝜕𝑧2
               (2-9). 
Then, Eq. 2-9 can be solved by separation of variables utilizing the substitution 
C(F, z)=M(F)N(z), and dividing through by C(F, z) to obtain: 
𝑣𝑥
𝜆𝐴
1
𝑀(𝐹)
𝜕𝑀
𝜕𝐹
=
1
𝑁(𝑧)
𝜕2𝑁
𝜕𝑧2
= −𝛼2           (2-10). 
This is solved as two separate ordinary differential equations, one in terms of F 
and the other in terms of z, with α2 being an eigenvalue which must be determined. 
Hence: 
M(F)=K0 exp(-α2λAF/vx)           (2-11) 
N(z)=K1 sin(αz)+K2 cos(αz)           (2-12); 
where K0, K1 and K2 are constants of integration. Taking the boundary condition at F→
0 (far in front of the reaction front) gives C(0, z)→C0(z), which is a Fourier sine series 
in z of period 4δ. Hence: 
𝐶(𝐹, 𝑧) = ∑ [𝑘𝑛 𝑠𝑖𝑛(𝑎𝑛𝑧)𝑒𝑥𝑝 (−𝑎𝑛
2𝜆𝐴𝐹/𝑣𝑥)]𝑛=𝑜𝑑𝑑       (2-13), 
where kn and αn are the Fourier coefficients and eigenvalues of the sine series for C0(z), 
αn=2nπ/δ and kn=2/δ∫ 𝐶0(𝑧) 𝑠𝑖𝑛(𝛼𝑛𝑧)𝑑𝑦
2𝛿
−2𝛿
, and δ represents the bilayer thickness (the 
sum of Al and Ni layer thickness). 
Analytical models have also been developed to predict the reaction velocity of Al-
Ni multilayer foil. From the analysis by Armstrong and Koszykowski [162], the 
reaction velocity can be calculated and expressed as: 
𝑣𝑥
2 =
3𝐴𝑒𝑥𝑝(−𝐸/𝑅𝑇𝑚𝑎𝑥)𝑅𝑇𝑚𝑎𝑥
2 𝜆2
𝛿2𝐸(𝑇𝑚𝑎𝑥−𝑇0)
           (2-14), 
where T0 is the initial temperature and Tmax is the maximum reaction temperature 
obtained during steady-state propagation which, if heat loss and intermixing are ignored, 
would be the ideal adiabatic temperature. This model is subsequently expanded by 
Mann by including the effect of an intermixed region [154]. They assumed that the 
intermixed region consisted of the final phase (fully reacted), NiAl, and that the 
composition profile along the z-axis was a Fourier Sine series. The pure Al is equivalent 
to C=1, pure Ni is C=-1 and the intermixed region present between the layers is C=0, 
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as illustrated in Fig. 2-2. Thus, the equation for the reaction velocity was developed: 
𝑣𝑥
2 = (∑
𝑘𝑛
𝑎𝑛
3𝑛=𝑜𝑑𝑑 )
−1 𝛼
2𝑅𝑇𝛼
2𝐴𝛿
𝐸(𝑇𝑎−𝑇0)
𝑒𝑥𝑝 (−
𝐸
𝑅𝑇𝛼
)         (2-15), 
where Tα is the ideal adiabatic temperature that may differ for initial composition 
profiles that contain different level of intermixing. 
Also, the exothermic efficiency of self-propagating reaction describing the heat 
released at specific concentrations could be expressed as: 
?̇? =
1
𝛿
∫ ∆𝑄(𝑐(𝑧))𝑑𝑦
𝛿/2
−𝛿/2
.            (2-16). 
 
Fig. 2- 2 Descriptions of the intermixed region that are used to simulate the self-propagating 
reaction, where the ideal multilayer is described in the left image and the model considering 
the atomic diffusion is presented in the right one [154]. 
According to the results calculated by R. Pretorius and other similar predictions, 
the heat released from the formation of NiAl, ?̇?, was in the range of 57.9 to 62.7 kJ/mol 
[168, 169]. Meanwhile, from the differential scanning calorimetry (DSC) data 
measured by other researchers, as Fig. 2-3, similar heat efficiency profiles were 
measured for the Al-Ni self-propagating reaction, ranging from 1050 to 1268 J/g [170].  
 
Fig. 2- 3 Typical exothermic curve of Al-Ni multilayer foil measured from the DSC test with a 
heating rate of 40 °C/min [170]. 
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On the basis of the heat efficiency data, the temperature distribution during Al-Ni 
self-propagating reaction can be finally calculated using the thermal transport equation: 
?̇? = 𝜌𝑐𝑝 (
𝑑𝑇
𝑑𝑡
+ ∆𝐻𝑓) − 𝜌𝑐𝑝𝜆𝛻
2𝑇          (2-17)，
where ∆Hf is the latent heat of fusion [171]. 
However, the current understanding of the self-propagating exothermic reaction 
and atomic diffusion suggests that the exothermic properties of the Al-Ni multilayer 
foils are also determined by their microstructure, including the original atomic ratio, 
bilayer thickness (δ) and the thickness of premixing regions (w) [156, 172-177]. For 
this reason, investigations to understand the influence of the initial structure of self-
propagating multilayers on the exothermic characteristics were also implemented.  
According to the research by A. J. Gavens, when intermixed regions were formed 
at the interface between nanolayers, the reaction velocity and reaction temperature of 
Al-Ni foil might be lowered due to a decrease in the rate of atomic diffusion [178]. The 
detailed relationship between the heat efficiency and δ was obtained [154, 175, 179]. 
While a fixed volume of intermixing was assumed to be present at each Al-Ni interface, 
the heat lost due to intermixing is proportional to 2w/δ, where w equals the average 
thickness of the intermixed regions (there are two intermixed regions in each bilayer.). 
For this reason, the heat generated from the self-propagating reaction can be rewritten 
as:∆𝐻 = ?̇?(1 −
2𝑤
𝛿
). In addition, it is also found that the premixing has two distinct 
effects on the velocity. The first effect results from changes in the rate of atomic 
diffusion normal to the multilayers and the second effect relates to the rate of thermal 
diffusion along the length of the foil. Thus, as shown in Fig. 2-4, when the bilayers were 
thin, a sharp rise occurred in the exothermic efficiency and velocity with the increase 
of bilayer thickness as the intermixed region became a smaller fraction of the total 
bilayer. But in Al-Ni foils with thick bilayers, the effect of intermixing was ignorable 
as the bilayer thickness overpass the average diffusion distance between Al and Ni. On 
this occasion, increasing the bilayer thickness will conversely result in a decreased heat 
efficiency and reaction velocity for the considerable heat conduction in width and 
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length directions.  
 
Fig. 2- 4 The experimentally measured heat efficiency and reaction velocities as a function of 
the bilayer thickness of Al-Ni multilayer foil [154, 175, 178, 179]. 
The influence of the total thickness of Al-Ni multilayer foil on the reaction 
temperature and velocity were subsequently examined by T. Fiedler [180]. As predicted 
in Fig. 2-5, the reaction temperature and propagating velocity increased with the rise of 
the thickness of Al-Ni foil since the reaction zone was enlarged. But, it should be 
noticed that the propagation process could not be initiated when using thin Al-Ni self-
propagating foil to conduct the reaction. According to the research by Hee Y. Kim and 
Jayaraman. S [175, 181], this phenomenon is caused by the conductive heat loss during 
the reaction through the Ni and Al nanolayers and the substrate. Based on these findings, 
the heat conduction conditions was confirmed to be essential to the actual self-
propagating reaction process, and a minimum heat efficiency, so called the minimum 
reaction rate, was required to maintain the transient ignition and spontaneously reaction 
of the Al-Ni multilayer foil: 
Rtran≥2* 𝑞 ̇/V               (2-18), 
Rstable≥4k(Tig –T0)/l2              (2-19), 
where Rtran, Rstable are respectively the minimum heat efficiency needed for the ignition 
and propagation, V means the volume, Tig is the ignition temperature and l is the 
thickness of the reaction zone. 
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Fig. 2- 5 The relationships between the total thickness of Al-Ni multilayer foil, the minimum 
heat efficiency required for ignition and the propagating velocity of reaction front [180]. 
    
Fig. 2- 6 Effects of bilayer thickness, premixed region and ambient temperature on the 
reaction velocity of Al-Ni multilayer foil during the self-propagating reaction [182]. 
The effect of ambient temperature (T0), layer roughness, and local compositional 
inhomogeneity on the Al-Ni exothermic process was analysed by S. Jayaraman [182]. 
It was suggested that the reaction front propagated in Al-Ni multilayer foils in an 
oscillatory manner. During the self-propagating reaction, while the magnitude of 
oscillations was increased for the decrease in δ and T0 or the increase of w, the period 
of oscillations was reduced as the decrease of δ and w and the rise of T0. On the other 
hand, the inhomogeneity in Al-Ni foil such as interface roughness and compositional 
fluctuations did not appear to affect the reaction propagation if the interface roughness 
was less than 5 % of the bilayer thickness and the variation of average composition 
normal to the layers was less than 10 %. Under such cases, the reaction velocity was 
only determined by the bilayer thickness, premixed regions and initial ignition 
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temperature, of which the detailed relationship was shown in Fig. 2-6.  
Experimentally, the actual temperature evolution and reaction velocity of Al-Ni 
multilayer foils were tested by igniting them under a high-speed infrared microscope 
[183, 184]. From the results of tests, the reaction velocity was measured to be in the 
range of 2~10 m/s, and the maximum reaction temperature in Al-Ni self-propagating 
foil attained 1400~1700 °C. Particularly, by contrasting the SEM morphologies of the 
unreacted and reacted foils as in the cases of Fig. 2-7, the starting multilayer structure 
of self-propagating foil was confirmed to be completely destroyed after the reaction, 
and replaced by the coarse and equiaxed NiAl grains with an average diameter of 1 
micrometre (μm) which is much larger than the characteristic length in the unreacted 
films (bilayer thickness=43 nanometre (nm)). 
 
Fig. 2- 7 The morphology of (a) as-deposited and (b) reacted Al-Ni multilayer foil [183, 184]. 
Moreover, the physical properties of NiAl alloy, the primary reaction product, 
were also calculated and measured to evaluate the mechanical performance of Al-Ni 
multilayer foil. From the first principle analysis by Dongmin Shi [185], the bulk 
modulus, Young`s modulus, shear modulus, and the values of heats of formation for 
NiAl were obtained and compared with any other possible Ni-Al alloys such as NiAl, 
AlNi3, Al3Ni2, Al3Ni, Al4Ni3 and Al3Ni5, as demonstrated in Fig. 2-8. The NiAl 
compounds were confirmed to be ductile according to the calculated ratio of shear 
modulus to the bulk modulus. The linear thermal expansions coefficient of Al, Ni, and 
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NiAl at zero pressure, with and without considering the thermal electronic contributions, 
were studied by Y. Wang using the derived Helmholtz free energy equation [169]. 
Hence, through the data achieved in these calculations and measurements, the 
estimation of the mechanical reliability of reaction products, and the evaluation of the 
stress distribution in materials during the self-propagating reaction were enabled. 
 
 
Fig. 2- 8 Young`s modulus, shear modulus, bulk modulus and heat of formation for any 
possible Ni-Al alloys [185]. 
2.2.2 Bonding through self-propagation reaction 
Because of its unique exothermic features, the self-propagating reaction of Al-Ni 
multilayer foils had been widely used as the localized heat source for packaging 
electronic devices and especially temperature-sensitive components such as 
microelectronics and high-melting-point materials.  
Bianca Boettge used magnetron sputtering methods to deposit Al-Ni multilayer 
foils of various atomic ratio and bilayer thickness [186]. Using these Al-Ni foils, 
interconnections between chips and strain gauges or IR-emitters, where existed a high 
level of CTE mismatch, were achieved through a die attach process. For each 
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component, the shear strength can attain 18 MPa and 13.5 MPa, respectively.  
Christopher J. Morris had interconnected bridge devices using Al-Ni layers of 
nanoscale to transduce electrical energy into kinetic energy in 100 nanoseconds [187]. 
After a electrical power pulse of 1 MW was delivered over a 200 ns period, the Al-Ni 
layers were heated rapidly in a thin, bridge region to enable the ignition to form an 
interconnection. During this process, a significant increase in the energy output of Al-
Ni multilayers, 1.13–2.26 kJ/g, was observed in the reacting region. 
Then, J. Wang had bonded Au-coated stainless-steel specimens at room 
temperature in the air using free-standing Al-Ni multilayer foils and Au80Sn20 solder 
layers [60, 188]. The temperature profiles across the stainless-steel joint, both during 
and after the reaction, and the temperature changes in the stainless-steel components 
100 μm from the interface were predicted numerically and then validated by 
experimental experiments, as illustrated in Fig. 2-9. From the experimental and 
numerical results, it is found that the AuSn solder needs to melt for a minimum period 
of 0.5 ms to establish strong joints. Also, using thicker foils may increase the available 
energy and improve the strength of the bonding until reaching a critical thickness of 40 
μm where the shear strength of the obtained stainless steel joints is constant at 48 MPa, 
compared to 38 MPa of the conventional solder joints formed on the same specimens.  
  
Fig. 2- 9 The temperature profile across a stainless-steel joint and the results of validation 
test at 100 μm from the solder/stainless steel interface [60]. 
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In the experiments by Qiu [61], reliable interconnects were also attained by using 
the Al-Ni multilayer foils as local heat sources to melt Au80Sn20 solder layers and bond 
silicon wafers. During pull test, the silicon wafer bonds all failed from the silicon itself, 
suggesting that the bond strength is higher than the failure strength of bulk silicon. Also, 
the leakage test in IPA indicated that reactively bonded joints possess good hermeticity.  
A case study for the joining of Mg60Cu40Y10 and Pd40Ni40P20 amorphous alloys was 
conducted by T. Fiedler [180]. From the analysis, only the material directly adjacent to 
the reaction zone was affected by the self-propagating reaction, and the temperature in 
surrounding substrates was significantly lower than the transient temperature of these 
amorphous alloys and accordingly no crystallization would be expected. In addition, 
the results also suggested that the effectiveness of reactive bonding strongly depends 
on the physical properties of the base material, for instance, its thermal diffusivity and 
glass transition point. 
The interconnection between bulk metallic glasses was achieved by A. J. Swiston 
using Al-Ni multilayer foils with a total thickness of 87~274 μm and a bilayer thickness 
of 40-69 nm [47]. A heating rate of 106 K/s and cooling rate of greater than 400 K/s, 
which was far above the critical cooling rate for the formation of metallic glass, were 
observed during bonding through an infrared imaging method. Thus, while the metallic 
glass was heated sufficiently to ensure a substantial flow during the self-propagating 
reaction, it was cooled down rapidly enough to remain amorphous after reactive 
bonding. Also, from the results of shear tests, the shear strength, which could exceed 
480 MPa, of these joints increased with the rise of applied pressure and thickness of Al-
Ni foil since the larger pressure and thicker foil enhanced the flow of softened metallic 
glass and thereby increased the area of bonded interface. 
Beside of these studies, joints between Ti, ceramics, super-alloys and actual 
electronic components and MEMS devices were also obtained through the Al-Ni self-
propagating reactive bonding process [48-51, 55, 63, 174, 189-192]. The joining 
between silicon and glasses was achieved by Namazu using 2 μm thick Al-Ni foils and 
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Au80Sn20 solder layers. The low temperature co-fired ceramic (LTCC) coated with Ag 
was bonded by Al-Ni foils with Sn coating, in which IMC layers between Ag and Sn 
were observed at the interface. Also, by depositing Au-Sn solder alloys and Al-Ni 
multilayers on the metallization layers of the silicon substrate, MEMS components and 
super-alloys were packaged and integrated into a 3D structure. 
The effect of thickness of multilayer foil and applied pressure on the strength of 
joints was studied experimentally [193]. The shear strength as a function of the 
thickness of Al-Ni foil and pressure are shown in Fig. 2-10. As the applied pressure and 
heat produced by the Al-Ni foil promote the flow of solder and wetting condition of 
base components, the shear strength of self-propagating interconnects was found to 
increase with the rise of pressure and thickness of Al-Ni foil until it reaches a critical 
value. Then, if higher joining pressure or thicker foil were utilized for bonding, the 
shear strength would remain almost constant, and failure may occur from one of the 
two solder layers.  
 
Fig. 2- 10 The shear strength of stainless-steel and Al interconnects as functions of foil 
thickness and applied joining pressure [193]. 
However, the material properties of solder and substrates that governing heat 
transportation during self-propagating joining can also determine the maximum 
reaction temperature and duration of melting time of solder alloys at the bonding 
interface. Thus, the influence of the material properties of bonding substrates on the 
reactive bonding was subsequently investigated [194]. As shown in Fig. 2-11, with the 
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rise of thermal conductivity, density and heat capacity of substrates to be bonded, the 
duration of melting was significantly decreased. Particularly by contrasting the 
decreasing amplitude, the melting of solder layer is confirmed to be more dependent on 
the thermal transport factors than the thermodynamic requirement for melting. Hence, 
to improve the joining strength, it is imperative to use thicker Al-Ni foil, larger pressure 
and material with low k and ρ as the substrates for reactive bonding. 
  
Fig. 2- 11 The duration of melting and shear strength as functions of the thickness of Al-Ni 
foil and the thermal conductivity, heat capacity and density of the base substrate. The melting 
durations for joining some commonly used materials are also labelled in this plot [194]. 
2.2.3 Existing problems for reactive bonding 
In all above attempts, metallurgical interconnects had been successfully achieved 
through the self-propagating reaction of Al-Ni multilayer foils. However, the localized 
heat released from exothermic reaction causes rapid heating/cooling (>106 K/s) in 
solder alloys and large temperature gradient (>104 K/mm) across the bonding area 
during the reactive joining. These unique thermal kinetics characteristics lead to a 
distinctive but unmanageable soldering process. Under such conditions, severe 
reliability issues may be developed in the obtained self-propagating joints. The types 
and causes of these issues are classified and discussed as below.  
i) High porosity in the bonding area: This issue is caused by the cracking of Al-
Ni multilayer foils during the self-propagating reaction and the air trapped between 
different materials before bonding. During the reactive bonding, the reaction between 
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Al and Ni results in the volume shrinkage of foils as the mass density of NiAl alloy is 
higher than the average density of original Al and Ni nanolayers. For this reason, the 
Al-Ni multilayer foil breaks into pieces under the heavy thermal stress since its 
contraction is restricted by surrounding unreacted foils and solid solder layers, leading 
to the formation of cracks within the Al-Ni foil. Also, the air trapped between different 
materials before bonding is also hard to escape from the reacting area during the short 
self-propagating reaction process, especially in the central region. Thus, considering 
the formation of micro-voids due to the contraction of materials in the cooling stage, 
interconnects of high porosity, up to 40 %, will be obtained [191].  
ii) Solder extrusion: During reactive bonding, the reaction temperature across the 
solder layer is predicted to be far higher than the melting point of solder, especially in 
the region nearby the Al-Ni foil. Thus, the solder alloy will be turned into liquid, and 
splash out from the edges of joint under the applied pressure which is necessary to 
achieve robust joining. As a consequence, the chips and components nearby may be 
damaged by the extruded solder, and the joints become more susceptible to thermal and 
mechanical fatigue for the thinner solder layers. 
iii) False bonding: From the numerical predictions and experimental tests, the 
reaction temperature at the bonding interface between the solder with the substrate is 
lower than that in the NanoFoil for the heat loss due to the conduction in Ni and Al 
nanolayers, solder layers and the substrate. For this reason, the liquid solder may be not 
able to surpass the surface energy barrier of the substrate to ensure a sufficient wetting 
in the short bonding period if improper technical conditions were applied. Therefore, 
large false bonding area will be formed at the solder/substrate interface after bonding, 
which is likely to cause the failure of interconnection. 
For these reasons, the self-propagating reactive bonding method is still restricted 
from further applications unless appropriate optimisation methods can be proposed to 
improve the quality and reliability of joining. However, up to the present, the 
interconnection mechanism in the reactive bonding is still clear. The behaviour of solder 
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alloys, interfacial reactions, forming principle of grains and IMCs, which ultimately 
govern the performance of interconnections in terms of their reliability and stability, 
and the related influencing factors of the rapid self-propagating reaction process are yet 
to be fully understood. These have therefore been identified as the main topics for my 
Ph.D. research presented in this thesis.  
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Chapter 3. Experimental details and numerical 
analysis 
In this chapter, the preparation methods of bonding materials, experimental 
bonding structure and procedures, numerical simulation techniques as well as 
characterisation approaches of achieved self-propagating interconnects are described in 
detail. 
3.1 Material preparation 
3.1.1 Self-propagating multilayer foil 
According to previous researches, the NiAl compound is the highest heat 
producing intermetallic product of the Al-Ni self-propagating reaction system. For this 
reason, the 40 μm thick Al-Ni multilayer foil (NanoFoil) fabricated by Indium 
Corporation, of which the atomic ratio of Al to Ni is 1:1, is selected to conduct the 
reactive bonding in this research. 
  
Fig. 3- 1 Schematic microstructure and SEM morphology of the Al-Ni NanoFoil used for 
reactive bonding. 
The microstructure and experimentally characterized morphology of this Al-Ni 
NanoFoil are described schematically in Fig. 3-1 [184]. In the NanoFoil, the thickness 
of Al and Ni nanolayers is designed to be 30 and 20 nm, respectively, to obtain an 
overall atomic ratio of Al and Ni at 1:1. In addition, to improve its wetting condition by 
solder alloys, Ag layers with a thickness of approximately 1 μm are coated on either 
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surface. Note that vanadium (V) elements with a total atomic ratio of 5 % is also 
deposited in the Al-Ni NanoFoil to refine the reaction products and thus ensure a high 
mechanical performance of the reacted NanoFoil.  
3.1.2 Bonding substrates 
To imitate the various applications in electronics packaging, the most commonly 
used electronics material in the electronics packaging field, including Cu (Copper, 
99.95%), Al (Aluminium 1060, 99.6%), silicon (Si) and Ni, are connected through the 
reactive bonding. Specifically, Cu and Al boards/sheets with a thickness of 1 mm and 
0.1mm are fabricated through the cold rolling method to simulate the substrates and 
pads in traditional/power electronics. Moreover, the interconnection between Si chips 
and Ni coating layers are implemented to prove the feasibility of self-propagating 
reactive joining in the wafer-level packaging of chips and MEMS components. The 
detailed specifications of the Si wafer used in this research are described in Table 3-1. 
Table. 3- 1 Properties of the Si wafer used for self-propagating reactive bonding 
Items Descriptions 
Growth method Czochralski 
Diameter 101.6 ± 0.4mm (4.00″) 
Thickness 500 µm 
Orientation <100> 
Finish Polished on both sides 
3.1.3 Metallization 
For the interconnection between Si chips, metallization layers, including one 50 
nm thick Cr layer followed with a 300 nm Ni layer and a 50 nm thick Au layer, are 
deposited on the surface of Si wafer. The Cr layer is prepared on the surface of Si as an 
adhesive layer to assure good adhesion between Si and other materials. The Au layer 
on the top surface is serving as a wetting and protection layer for its excellent wettability 
by traditional lead-free solder alloys and outstanding oxidation resistance to protect 
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underlying materials from oxidizing during storage and heating. The intermediate Ni 
layer is a solderable diffusion barrier layer to prevent the consumption of Cr and provide 
wetting substrate after the thin Au layer on the surface is exhausted. With these layers, 
an excellent adhesion and a good solderability for most solder alloys are ensured in the 
subsequent electroplating and bonding process. Additionally, they can also reduce the 
thermal stress generated between the solder and the substrate under the high reaction 
temperature and thus improve the thermal fatigue life of obtained joints by serving as 
the transition layers. It should be noticed that the as-sputtered Au layer will be the initial 
surface state where coating, wetting and interfacial reactions start as no further chemical 
or mechanical pre-treatments will be applied on the wafer. 
On the other hand, due to the dense oxidation layer (Al2O3) developed on the 
surface of Al specimens when they are exposed to air, of which the solderability is very 
poor, metallization layers are also required for bonding Al components [195]. However, 
when removing the Al2O3 oxides, a protecting layer has to be prepared at the same time 
to protect the Al substrates from further oxidation. Thus, in this research, all the Al 
specimens have been processed by a ‘two-times zinc immersing’ technique before the 
reactive bonding, in which a thin but dense Zinc layer is coated on the surface of Al to 
prevent oxidation after removal of the native oxides [196]. The detailed procedures of 
the ‘two-times zinc immersing’ process are illustrated as follow: 
i) At first, the Al specimens are washed with a 5% sodium hydroxide solution for 
30 seconds to remove the residual oxidation layer on the surface. 
ii) After cleaned by deionized water, Al specimens are immersed in a 50% nitric 
acid solution for 20 seconds to neutralize the generated alkaline materials (Al(OH)3). 
iii) Then, a thin zinc layer is immediately plated by immersing the Al specimens 
into the zincate solution for 30 seconds. The specific ingredients are shown in Table 3-
2. However, during this zinc immersing process, the surface morphology of Al 
specimens may be damaged by the acid and alkaline. The plated zinc layer may be 
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rough and porous, and thereby a secondary zinc immersing process is required. 
Table. 3- 2 The ingredients of zinc immersing solution and the related operating parameters 
Operating condition  Range 
NaOH g/L 50 
ZnO g/L 5 
KNaC4H4O6·4H2O g/L 50 
FeCl3·6H2O g/L 2 
NaNO3 g/L 1 
Temperature ºC 20~25 
Time s <30 
iv) Finally, after the Al specimens are cleaned by the 50% nitric acid solution for 
60 seconds to remove the remaining poor Zinc layer, a uniform and compact Zinc layer 
can be prepared on the surface of Al by immersing them into zincate solution again for 
20 seconds. 
However, the wettability of Zinc by Sn-based solder alloys is not good enough to 
assure a robust joining. Thus, one Ni layer of 0.5~1 µm thick is subsequently electroless 
plated on the deposited Zinc layer to improve the wetting conditions. In this research, 
the Ni coating layers are all deposited using the ‘Electroless Nickel plating’ system 
provided by MacDermid Company [197], of which the detailed procedures are as 
follows: 
i) Clean and passivate the plating tank using a 30 %-50 % by volume nitric acid 
solution for 4-8 hours. After cleaning, the plating tank must be free of all traces of HNO3. 
ii) Fill the clean plating tank to about one-half its volume with deionized water 
and mix well with 20 % Niklad ELV 824B by volume (of final volume). 
iii) Add 3 % Barrett SNR 24 by volume and fill the tank to its operating level with 
deionized water and mix thoroughly. 
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iv) After adjusting the pH to 6.3~6.5 with NF/FCC or reagent grade ammonium 
hydroxide (approximately 50 % by volume dilution), the bath is ready for plating once 
it is heated up to the operating temperature of 85 ºC. Then, Ni layer with different 
thickness can be prepared with a plating rate of about 12.5 μm/hour. 
3.1.4 Solder alloys 
To evaluate the feasibility and quality of reactive bonding based on Al-Ni self-
propagating reaction, six kinds of solder alloys, tin (Sn), Sn96.5Ag3.0Cu0.5 (SAC305), 
Indium (In), Sn63Pb37, Au80Sn20, and Zn95Al5, are prepared as the intermediate solder 
layers. Since the heat generated by the exothermic reaction of Al-Ni NanoFoil is highly 
localized and quantity-limited, the solder layers have to be thin enough to ensure its 
melting and subsequent wetting on the substrate.  
Based on the results of previous research [60, 188], the thickness of In, Sn63Pb37, 
Au80Sn20, SAC305 and Zn95Al5 solder foils are designed to be of 25 µm. These solder 
foils are fabricated through the cold rolling technique. In this technique, bulk pure 
metals are melted and thoroughly mixed in a vacuum chamber according to the 
elemental proportion of solder alloys, and then rolled into solder sheets while cooling 
down to the room temperature. Particularly, to avoid the unnecessary oxidation in the 
air, all these prepared solder films are encapsulated in one plastic sealing membrane 
before the reactive bonding.  
On the other hand, Sn is coated on the surface of substrates or metallization layers 
to be bonded through the electro-acid tin plating using Stannous Sulfate. The 
electroplating system is shown in Fig. 3-2, which comprises of a sample array as the 
working electrode (cathode) and a large tin board as the counter electrode (anode). 
Before plating, the anode and cathode are placed in a 10 % sulfuric acid solution and 
ultrasonically cleaned for 1 minute to remove the organic impurities and oxidation layer 
on the surface. Following that, the anode and cathode are rinsed with DI water and then 
immersed in the plating bath that is designed by Zhejiang Haining Rongxin Electronics 
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Co., Ltd to conduct the electrolytic tinning. The detailed ingredients of the tin plating 
bath are listed in Table 3-3.  
 
Fig. 3- 2 The power source and bath system utilized for tin electroplating. 
Table. 3- 3 The ingredients and coating parameters for electrolytic tinning, in which the 
range and optimum value of operating conditions are provided by the Zhejiang Haining 
Rongxin Electronics Co., Ltd.  
Operating condition  Range Optimum 
Sn2SO4 g/L 20~40 25 
H2SO4 g/L 130~200 170 
RX-770 (release agent) mL/L 4~8 5 
RX-780 (brightener agent) mL/L 0.5~2 2 
Temperature ºC 5~14 5±3 
Voltage V 4~5 5 
Current A/dm2 0.5~5 1~2.5 
Ratio of anode and cathode area 2:1~4:1 3:1 
Then, this bath is contained in a glass beaker, and a TTi PL330 power supplier is 
used to provide the constant voltage and current required for plating. Through a 
soldered sample ring with multiple contact points connected to the power supplier using 
a wire, up to 12 samples are coated at the same time to assure the consistency of 
obtained coating layers. Thus, by controlling the plating current and time, Sn layers of 
different thickness can be deposited on the surface of bonding substrates. 
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3.1.5 Dicing of materials 
Following the preparation of metallization and solder layers, all the materials 
fabricated above are diced into small pieces, 5×5 mm2, to provide the possibility of a 
precise shear test. The Al-Ni NanoFoils and solder foils are cut carefully with a board 
cutting saw or knife. The Si chips are separated from the bulk Si wafer using a precise 
wafer scriber. Also, through a low-speed saw or Wire Electrical Discharge Machining 
device, the cutting of metal boards/sheets are accomplished. Note that the NanoFoils 
are cut on a heat conductive metal plate to avoid ignition while dicing, and its dimension 
is 5×7 mm2, which is designed to be a little larger than the joining area to provide a 
convenient initiation in the following reactive bonding procedure. 
3.2 Self-propagating reactive bonding  
3.2.1 Bonding structure and equipment 
The structure that is used for reactive bonding is schematically shown in Fig. 3-3. 
One Al-Ni NanoFoil is stacked between two preformed solder films and then inserted 
between two substrates to form a sandwich structure. Then, under the pressure and 
preheating that are applied to the bonding structure to enhance the wetting and filling 
conditions of solder alloys, the self-propagating reactive joining process is performed 
in the air. According to the final size of diced substrates, NanoFoils and solder foils or 
layers, the resulting bonding areas are approximately 5×5 mm2 for all the interconnects. 
 
Fig. 3- 3 The schematic bonding structure for self-propagating reactive joining. 
However, it is noticeable that the prepared Al-Ni NanoFoil can be directly ignited 
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when it is exposed to a temperature higher than 200 °C [198]. Also, low-temperature 
heating, which may enhance the interdiffusion between Al and Ni nanolayers, can also 
anneal the NanoFoil and cause a loss in the exothermic efficiency. Thus, during the 
reactive bonding, the ambient temperature should not exceed the possible ignition 
temperature, and the heating process should be finished in a short period to the greatest 
extent. For this reason, the whole reactive bonding process is conducted in one specific 
fixture which is carefully designed to guarantee an excellent heat and electrical 
conduction between the heating/power source and the components to be bonded.  
 
Fig. 3- 4 The structure of the fixture used during the self-propagating reactive bonding. 
As shown in Fig. 3-4, four different parts, including a base tray, one top tray, one 
pair of conducting layer and block, and two pairs of guide pillars and bushings, are 
consisted in the fixture. The base and top tray are made of pure Cu or Al for their 
excellent heat conductivity to attain a uniform preheating temperature in the bonding 
area. The conducting layer and block are made of graphite and embedded on the base 
and top trays to provide space and a conductive path for the ignition of NanoFoil. Also, 
a “bonding zone” which is just under the block during ignition is marked on the 
conducting layer through the preparation of groove. Moreover, to assure a precise 
alignment and pressure, the guide pillars and bushings are equipped, through which all 
the bonding materials can be stacked and interconnected under the applied pressure.  
3.2.2 Reactive bonding process 
During reactive bonding, the fixture is entirely heated up through a PID controlled 
heating plate at first. Only after the temperature of the fixture reaches the designed 
value, the bonding materials can be placed on the “bonding zone” to initiate the 
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preheating procedure. From our experimental measurements, as the fine dimensions of 
materials used for reactive bonding, the amount of energy required for heating them to 
the designed temperature is small, thus the heating process can be completed within 
10~20 seconds. Under such situation, the detrimental annealing and interdiffusion 
inside the NanoFoil during preheating can be avoided to the greatest extent. Following 
this, the pressure of designed value can be applied to the bonding structure by placing 
the top tray and the ballast on the bonding structure through the guide pillars and 
bushings. Then, through a sharp copper probe and the conductive layer connected to 
the anode and cathode of a direct current (DC) power source with current and voltage 
of approximately 2A/5V through wires, the self-propagating reaction in Al-Ni NanoFoil 
is easily initiated using the electrical spark produced by the momentary contact of the 
copper probe with NanoFoil. Thus, self-propagating interconnects are finally obtained 
after a short period of cooling. However, when bonding Si chips, the NanoFoil cannot 
be connected to the electrodes directly through the conductive layer due to the poor 
electrical conductivity of Si. For this reason, another copper probe is required to contact 
the NanoFoil to provide a conductive path for its connection with one electrode of the 
power source.  
3.3 Numerical analysis methods 
Finite Element Analysis, also known as Finite Element Method, is a numerical 
technique for finding approximate solutions of partial differential equations and integral 
equations [199]. Even after reducing the governing partial differential equations to 
groups of the linear algebraic equations, this method still has a high accuracy in the 
description of the thermal-mechanical systems. FEA technique is therefore capable of 
predicting the thermal flow and mechanical deformation in a 3D structure during the 
self-propagating reactive bonding.  
3.3.1 Formulas for numerical prediction 
As mentioned in Chapter 2, the temperature in self-propagating joints is 
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determined by both the exothermic process of Al-Ni NanoFoil and the heat conduction 
in surrounding materials. This gives: 
𝜕𝑄(𝐶)
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2𝑇𝜆𝐶𝑝               (3-1). 
Based on this equation and the constitutive equations established in the simulation 
software, the evolution process of temperature during self-propagating reactive bonding 
and the effect of influencing factors can be predicted. 
3.3.2 System and assumptions 
A 3D time-dependent model is then established to evaluate the reaction 
temperature and structural stress in the self-propagating joint through the coupling 
study of Heat Transfer and Solid Mechanics [200]. The geometry of the established 
full-model is demonstrated in Fig. 3-5, which is adaptive meshed using Free-
Tetrahedral nodes. The maximum element size is set to be 114 μm for the bulk substrate 
but only 10 μm for the thin layers, and the total number of the meshed elements is more 
than 1200000.  
 
Fig. 3- 5 The FEA model and mapped meshes established to simulate the reactive bonding. 
During numerical calculation process, the initial temperature of the bonding 
structure and environment are set to be the same as the ambient temperature (the stress 
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reference temperature). The convective heat transfer between the bonding structure and 
the environment is added, of which the heat transfer efficiency is set to be 25 W/(m·K). 
The latent heat of solder is considered as the absorption and release of heat during 
melting and solidification can affet the heating and cooling process of materials in the 
self-propagating joint. The as-designed pressure is directly applied on the top surface 
of the bonding structure while the center region of the bottom surface of the geometry 
is constrained. Moreover, in order to simplify the model, several assumptions have been 
applied, including: 
i) The thickness of the Al and Ni nano-layers is far less than the total thickness of 
the Al-Ni NanoFoil, so that the concentration variation across the thickness direction of 
the NanoFoil can be neglected. Thus, the exothermic reaction in NanoFoil is assumed 
to be uniform in the thickness direction (z-axis). 
ii) The variations in the bonding structure and composition, which is caused by the 
deviation of mechanical processing and the phase evolution, are too complicated to be 
coupled in the model. Hence, the air and impurities trapped in or between different 
materials, the creep and plastic deformation of materials, the development of defects as 
well as the phase evolution such as formation and growth of grains and IMCs in the 
joints are not considered. 
iii) Since all the stacked material can expand freely during the pre-heating stage, 
the initial stress existed in the bonding structure is mainly caused by the residual stress 
reserved in every bonding material after the corresponding fabrication process. This 
residual stress is complex and hard to predict. Thus, besides an external pressure applied 
on the top of the geometry, the initial stress of the bonding structure is assumed to be 0. 
iv) As the non-linear elastic properties of the solder and NanoFoil are currently 
lack of data, which vary significantly with the change of temperature due to the solid-
liquid phase transition, and the measurement of non-linear elastic properties at different 
temperature is a huge workload and difficult to be implemented, linear elastic properties 
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of the solder and NanoFoil are used for all the simulation work.  
v) The material properties of NanoFoil, solder alloys and substrate, such as heat 
capacity, thermal conductivity, density, reaction velocity and heat efficiency, are all 
assumed to be independent of temperature as lack of data and the measurement is a 
huge work.  
vi) The temperature gradient- and pressure-induced convection of liquid solder 
alloys and Al nanolayers is also neglected as lacking of theory to describe the flow 
behaviour of liquid in a large-area thin layer of micro- and nano- scale. 
With above assumptions, the exothermic process of the Al-Ni NanoFoil is loaded 
using the moving heat source method to simulate the propagation of the reaction front. 
Since the sputtered NanoFoil is uniform in length and width direction (x- and y- axes) 
and the node size (6*10-6 m) is much larger than the average thickness of Al and Ni 
nanolayers (2~3*10-8 m), the composition variation across the thickness direction (z-
axis) of NanoFoil is neglected. Hence, the heat released from the self-propagating 
reaction in one node is counted together and reduced to: 
?̇? = {
∆𝐻𝑚,                                       𝑟𝑒𝑎𝑐𝑡𝑖𝑛𝑔 𝑛𝑜𝑑𝑒
0,                            𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑎𝑛𝑑 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑛𝑜𝑑𝑒
 (3-4), 
where ∆Hm represents the measured value of average heat released from the reaction of 
NanoFoil which is applied to the nodes in the reacting area. Furthermore, the 
propagation of reaction front during reactive bonding and its exothermic efficiency can 
be expressed as the schematic diagram and function demonstrated in Fig. 3-6. 
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Fig. 3- 6 The plotting and equations describing the propagation of Al-Ni self-propagating 
reaction front. 
Meanwhile, various models with different element size have been established and 
preliminarily calculated to evaluate the dependency of the model with the density of 
elements. The obtained temeprature and stress data show no significant difference as 
long as the element in the solder layer and NanoFoil is smaller than 20 μm. Thus, based 
on above model and assumptions, the numerical prediction on the temperature and 
stress distribution during reactive bonding is enabled.  
3.3.3 Material properties and Parameters 
The material properties of NanoFoil, solder alloys, substrates and the reaction 
parameters of Al-Ni NanoFoil used for the simulation work in this research are based 
on the data collected from previous investigations, as listed in Table. 3-4 and 3-5, [184, 
201-203]. Meanwhile, the latent heat of Sn, SAC305 and Au80Sn solder alloys are set 
to be 58.5 J/g, 57 J/g and 33 J/g, respectively [204-206]. 
Table. 3- 4 Reaction properties of Al-Ni multi-layered NanoFoil[184, 194]. 
 Thickness 
Heat of 
reaction 
Reaction 
velocity 
Reaction 
temperature 
Al-Ni 
NanoFoil 
40 µm 1050-1250 J/g 6.5-8 m/s 1400-1600 °C 
Thermal 
conductivity 
Density Heat capacity  
152 W/(m*K) 5650 kg/m3 830 J/(kg*K)  
?̇?(x, y, t) = ∆𝐻𝑚 ∙ 𝑟𝑒𝑐𝑡 ൬ඥ𝑥2 + 𝑦2 − 𝑆(𝑡)൰ 
rect(x)
= {
1;              𝑥 𝜖 𝑟𝑒𝑎𝑐𝑡𝑖𝑛𝑔 𝑛𝑜𝑑𝑒
0;         𝑥 𝜖 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑖𝑛𝑔 𝑛𝑜𝑑𝑒  
𝑆(𝑡) = 𝑣𝑡 
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Table. 3- 5 Physical properties of materials utilized for numerical simulation [201-203]. 
 Thermal 
conductivity 
[W/(m*K)] 
Heat 
capacity 
[J/(kg*K)] 
Density 
[kg/m3] 
Poisson's 
ratio 
Young`s 
Modulus 
[GPa] 
CTE 
[µm/(m*K)] 
AuSn 57 170 14510 0.405 59.1 16 
Sn 66.8 228 7365 0.36 50 22 
SAC 63.2 230 7380 0.36 50 21.6 
Cu 401 390 8960 0.34 120 16.5 
Si 130 704 2329 0.28 170 2.6 
NiAl 60 640 5650 0.307 212 13.2 
3.3.4 Post-processing and Expected results 
Based on the established model and physical properties data provided above, a 
series of time-dependent predictions are implemented to evaluate the temperature and 
stress distribution, starting prior to the ignition of the self-propagating reaction, across 
the HAZ of self-propagating interconnects, of which the time increments are set to be 
0.001 ms for the first 1 ms and 0.1 ms for the following 10 ms. In these predictions, the 
maximum reaction temperature, duration of melting, heating/cooling rates and 
concentration of stress are quantified. By contrasting the temperature and stress profiles 
of self-propagating joints formed with different solder alloys, substrates and technical 
conditions (ambient temperature and pressure), the influencing factors of reactive 
bonding and their related effect on the soldering conditions are clarified. 
Note that the assumption used in the simulation work will cause difference 
between the predicted data and the actual bond, as such there exists several limitations 
for the obtained data. As the air and impurities trapped in or between materials are not 
considered and the materials properties are assumed to be independent of temperature, 
the obtained temperature profile, especially the heating/cooling rate, is higher than it 
really is, because the interfacial heat transfer and the heat conduction under high 
temperature condition are both overestimated. Also, the predicted stress data can be 
only used for qualitative analysis, since the material properties utilized for calculation 
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are all of linear elastic while the creep and plastic deformation of solid materials, the 
convective motion of liquid as well as the phase evolution are all neglected. Moreover, 
due to the discrete nodes meshed in the bonding structure, sharp increase (decrease) 
and unsmooth point may be observed in the predicted temperature and stress data. But 
besides these limitations, the established model is sufficient to predict the changing 
tendency of the temperature and stress distribution in the self-propagating joint and the 
effect of influencing factors. 
3.3.5 Simulation software 
In this research, the COMSOL Multiphysics software is used to carry out all the 
simulation works. This software is a typical solver software based on FEA technique, 
which can simulate various physics and engineering applications, in particular, 
Multiphysics phenomena. It consists of models to cover different application fields, 
including electrical, mechanical, thermal and chemical, and various techniques to 
properly mesh the model [200, 207]. For the self-propagating reactive bonding process, 
two modules of COMSOL, Solid Mechanics (to validate and predict the stress and 
mechanical deformation in the bonding structure) and Heat Transfer in solids (to study 
the heat flow and temperature evolution across the HAZ), are used to obtain the 
simulation results [208, 209].  
3.3.6 Validation method 
To validate the established model, the temperature changes at specified positions 
of the self-propagating joint, 150 µm and 300 µm from the bonding interface between 
the substrate and the solder layer, are monitored during the reactive joining using a K-
type thermocouple temperature measurement system. As shown in Fig. 3-7, two pairs 
of thermocouples with a diameter of 0.1 mm are inserted into the bonding substrate 
through the drilled holes and then fixed by none-conductive adhesive. After that, real-
time voltage signals which can be converted to the temperature data are collected from 
thermal couples and processed by one 8-channel temperature measurement system. 
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Through this experiment, the accuracy of established FEA model can be evaluated by 
contrasting the temperature results obtained from numerical predictions and 
experimental measurements. 
 
Fig. 3- 7 Schematic structure and equipment utilized for temperature validation. 
3.4 Analysis equipment and methods 
After reactive bonding, various characterisation methods and equipment are used 
in this research to evaluate the bonding quality and mechanical integrity of the obtained 
self-propagating joints. According to their aims and scope of applications, these 
methods are briefly described as follows. 
3.4.1 Porosity measurement 
To assess the porosity of joints formed by reactive bonding, the as-bonded 
interconnects are examined using a Sonoscan D9500 C-type Scanning Acoustic 
Microscope (CSAM), as shown in Fig. 3-8. The obtained data will be analysed 
according to the ultrasonic reflection theory, in which a positive wave will be obtained 
when ultrasound meets material with high acoustic impedances (Z) but a negative wave 
will be achieved on the contrary [210].  
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Fig. 3- 8 The Sonoscan D9500 CSAM used to measure the porosity of self-propagating joints. 
3.4.2 Shear test 
Subsequently, the as-bonded self-propagating joints are tested in tension at room 
temperature using a DAGE 4000 Plus tensile machine (Fig. 3-9) with a shear speed of 
1 mm/min to get the shear strength data of the self-propagating joint. Specifically, the 
shear strengths of these bonds are calculated by dividing the maximum failure load by 
the joint area. 
 
Fig. 3- 9 The DAGE 4000 Plus tensile machine which is used to measure the shear strength of 
self-propagating joints. 
3.4.2 Microstructure Characterisations 
Moreover, to characterize the microstructure of obtained interconnects, optical 
microscopy, field emission scanning electron microscope (FEG-SEM), and TEM have 
also been employed in this research. The cross-sectional morphologies, composition 
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and distribution of phases, as well as features of defects and fracture surfaces of the 
obtained self-propagating joints have been characterized. Particularly, the size of grains, 
segregations and boundaries, crystal orientation and other various information that are 
related to the crystal structure of the possible grains and IMCs in the HAZ are analysed. 
Finally, through these characterisations, the interfacial reactions, forming principle of 
phases and evolution of defects occurred in the reactive bonding can be revealed.  
In addition, a dual-beam focused ion beam device (FIB) has also been used with 
the assistance of an Omni-probe and gas injector depositing Pt to lift-out the TEM 
samples. Incorporating an FEG-SEM, FIB can produce precise cross-sections with a 
resolution of less than 100 nm without damaging the rest of the sample. Compared with 
other traditional polishing techniques, the ion-beam-processed cross-section is of 
higher quality. Also, there is no need to etch chemically the cross-section to reveal the 
grain boundaries as the ion beam at a low beam current of about 30 pA can etch the 
cross-section in real time. Thus, this technique has replaced the mechanical polishing 
in this research. The detailed TEM lift-out process will be demonstrated in Chapter 5. 
  
 52 
 
Chapter 4. Numerical analysis of self-propagating 
soldering process 
4.1 Introduction 
According to classic soldering theories, the quality and reliability of achieved 
solder joint are determined by the soldering conditions such as temperature profile and 
stress distribution during the joining process [211-213]. These soldering conditions take 
control of the entire melting, wetting, interfacial reactions, crystallization, solidification 
and deformation process, but may change when using different materials and technical 
conditions for joining. Thus, to facilitate the comprehensive understanding of the 
reactive bonding process and predict the effect of influencing factors, the temperature 
and stress distribution developed in the self-propagating joint has to be investigated.  
For this reason, a series of numerical simulations based on FEA technology are 
carried out in this chapter. The temperature field in the HAZ, including the maximum 
reaction temperature, heating/cooling rates and duration of melting, are analysed. The 
distribution of von Mises stress and further weak points in the joint are predicted. 
Moreover, the temperature and stress profiles of joints formed under different technical 
conditions, such as the ambient temperature, applied pressure, and the dimension and 
material properties of the solder layer and substrate, are also evaluated and contrasted. 
The obtained data can aid the understanding of fundamentals of the reactive bonding 
process in a 3D structure and help identify the effect of related influencing factors. 
4.2 Thermal profile in typical self-propagating joint 
Based on the 3D model and assumptions illustrated in Chapter 3, the temperature 
profile of typical self-propagating joint, Cu-Sn-Cu joint bonded with two 20 µm thick 
Sn solder layers at the room temperature, are numerically predicted as a basis. 
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4.2.1 3D view of predicted temperature field 
The 3D view of the temperature field in the Cu-Sn-Cu joint during reactive 
bonding is demonstrated in Fig. 4-1. From the prediction, as the propagation of reaction 
front along the length and width direction (x- and y- axes) of NanoFoil, localized 
heating with a narrow HAZ region is developed in the joint. At the midpoint of 
NanoFoil, the reaction temperature can attain 1633 °C (which may change for several 
degree Celsius when different mesh density is applied, as demonstrated in 3.3.2). But 
in surrounding bonding materials, especially in the substrate, the temperature decreases 
significantly with the increase of the distance from NanoFoil. According to the heat 
transport theory and the physical properties of bonding materials, this phenomenon is 
due to the magnitude difference between the exothermic efficiency of Al-Ni self-
propagating reaction and the heat conduction in adjacent materials. When heat 
(8.75*1014 W/m3) is released from the native NanoFoil within approximately 0.5 ms, 
the Sn layers and Cu substrates with thermal conductivity of 66.8 and 400 W/(m·k), 
respectively, is too low to transfer the heat effectively. Under such situation, the 
majority of the released heat is reserved in the reacted NanoFoil and intermediate solder 
layers, and thereby the materials in the HAZ can be heated up to a high temperature to 
accomplish the melting and bonding while the temperature of the substrate remains at 
a low level.  
 
Fig. 4- 1 3D view of the temperature field in typical Cu-Sn-Cu self-propagating joint. 
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4.2.2 Temperature distribution in the HAZ 
The temperature distribution along different directions (x-, y-, and z- axes) of the 
Cu-Sn-Cu interconnect are then analysed to help understand the melting and 
solidification status of materials and the interfacial reactions that may occur in the HAZ.  
Temperature along the thickness direction (z-axis)  
As plotted in Fig. 4-2, the temperature data along the thickness direction (z-axis) 
of the self-propagating joint are collected, in which curves of different colours represent 
the temperature at the igniting moment and 0.005 ms, 0.03 ms, 0.1 ms, 1 ms, and 10 ms 
after the reaction front goes through the native Al-Ni NanoFoil.  
  
Fig. 4- 2 Temperature distribution across the thickness direction of Cu-Sn-Cu bonding at the 
igniting moment and 0.005 ms, 0.03 ms, 0.1 ms, 1 ms and 10 ms after igniting the native 
NanoFoil, in which the x-axis means the coordinates in the thickness direction with the 
midpoint of NanoFoil being the zero point and y-axis is the transient reaction temperature. 
At the moment of ignition (cyan line in the figure) when the exothermic reaction 
between Ni and Al is about to be initiated, the transient temperature is predicted to be 
already 750 °C in the central region of NanoFoil but remain at almost the room 
temperature in the substrate. According to Fig. 4-1, this rise in the temperature should 
be owing to the heat conducted from reacting NanoFoil in the nearby region. 
Particularly, while the Al and Ni nanolayers can be directly heated up by the heat 
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conducted in the NanoFoil, the heat from reacting region has to transfer over the solder 
layer to heat the substrate. For this different heat conduction distance, a temperature 
difference is developed between the NanoFoil and the substrate in regions near the 
reacting area.  
Then, once the reaction front has reached, the local temperature begins to increase 
rapidly for the heat released from the reaction of native NanoFoil. For instance, in 0.005 
ms after ignition (the blue line) when the exothermic reaction is completed, the local 
temperature can attain 1633 °C, which is the maximum value that can be achieved, at 
the midpoint of NanoFoil. But at the same time, as the insufficient heat conductivity of 
the solder layer, the temperature at the Sn/Cu interface is merely 151 °C, and hence a 
significant temperature gradient of 3.7*107 °C/m is developed between the NanoFoil 
and the substrate. Note that the temperature gradient decreases gradually with the rise 
in the distance from NanoFoil. Hence, the density of heat flux transferred toward the 
solder layer exceeds that conducted from the internal NanoFoil at the NanoFoil/Sn 
interface. As a consequence, the temperature in the NanoFoil and at the NanoFoil/Sn 
interface (of maximum value at 1006 °C) starts to decrease immediately once the self-
propagating reaction is completed. For the same reason, the temperature at the Sn/Cu 
interface may still increase after the self-propagating reaction as the related temperature 
gradient is less than that in the solder layer. Hence, the highest reaction temperature at 
the Sn/Cu interface, 300 °C, is obtained much later in 0.03 ms after ignition when the 
temperature at the midpoint of the NanoFoil has already cooled down to 810 °C(the 
green line). After that, with the progress of cooling, the temperature of the entire 
bonding structure decreases continuously, as in the cases of 0.1 ms (red), 1 ms (purple) 
and 10 ms (yellow line) after ignition, until reaching the ambient temperature. 
Temperature distributed at the bonding interfaces (x-y plane) 
To evaluate the thermal conditions that determine the wetting and interfacial 
reactions of Sn with the NanoFoil and substrate, the temperature distribution of both 
the NanoFoil/Sn and Sn/Cu bonding interfaces are subsequently predicted. From the 
temperature fields demonstrated in Fig. 4-3 and 4-4, arc-shaped high-temperature fronts 
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following the reaction front, which propagate continuously towards the right-top corner 
of the joint, are generated at both bonding interfaces after ignition from the left-bottom 
corner of the NanoFoil.  
 
Fig. 4- 3 Temperature field of the NanoFoil/Sn bonding interface in 0.005 ms, 0.02 ms, 0.1 
ms, 0.15 ms, and 0.2 ms after igniting the NanoFoil from the left-bottom corner. 
 
Fig. 4- 4 Temperature field of the Sn/Cu bonding interface at 0.005 ms, 0.02 ms, 0.1 ms, 0.15 
ms, and 0.2 ms after ignition of the Al-Ni NanoFoil. 
By contrasting the temperature data at different locations of the bonding planes, 
two types of exothermic reaction, including the “steady reaction” occurred in the central 
joint and the “transition reaction” happened at edges and corners of the interconnect, 
 57 
 
are confirmed to take place in the self-propagating joint. In the region where the steady 
reaction occurs, the temperature field developed around the reaction front is stable, of 
which the maximum reaction temperature is constant at about 1000 °C. But in the 
transition reaction region, the temperature of the reaction front varies greatly with the 
changing of its location in the joint. For instance, at the ignition point, the maximum 
reaction temperature, 677 °C, is merely two-thirds of that can be attained in the steady 
reaction zone. And for the ending edges and corner where the self-propagating reaction 
vanishes, the temperature can reach 1285°C, which is conversely about 30% higher 
than that in the steady reaction region. 
According to the heat transfer equations (Eq. 3-1, 3-2 and 3-3), the temperature 
difference between these two kinds of regions is associated with the variation of the 
geometry and heating history at different locations of the self-propagating joint, as 
described in Fig. 4-5.  
   
Fig. 4- 5 The heat transfer history and geometry of a) steady reaction zone, b) ignition edge 
and c) ending edge during reactive bonding 
Compared to the steady reaction region, the thermal energy released by the 
NanoFoil has to diffuse into greater volume while energy is conducted to the air on both 
edges at the ignition cornor. The initial temperature and further reaction temperature of 
the ignition cornor are hence significantly reduced. Similarly, at the igniton edges, the 
reaction temperature decreased due to the energy lost in the air, but as the surrounding 
heated volume is almost the same with that in the steady reaction region, it is higher 
than that at the ignition cornor. On the other hand, since the surrounding heated volume 
diminishes and the heat transfer effeciency of the NanoFoil with the air (25 W/(m·K)) 
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is lower than that with solder (66.8 W/(m·K)), h<<k, more heat is reserved at the ending 
corner and ending edges, leading to an increase in the local reaction temperature.  
It is also noticeable that the high-temperature front at the Sn/Cu interface is wider 
and more uniform when compared to that at the interface between the NanoFoil and the 
solder. This situation is resulted from the heat conduction and consumption occurred in 
the solder layer. As the temperature gradient and further the density of heat flux is 
reduced with the rise of the distance from NanoFoil, which has been demonstrated 
above, the heat conduction in the length and width directions (x- and y- axis) of joint 
becomes more considerable in the solder layer and substrate far away from the 
NanoFoil. Therefore, a wider temperature front is developed at the Sn/Cu interface for 
the more consistent heat conduction in each direction.  
 
Fig. 4- 6 Temperature distribution of the NanoFoil/Sn and Sn/Cu interfaces in 1 ms and 10 
ms after ignition. 
After the reaction front has reached the ending point, the temperature of the entire 
self-propagating joint starts to decrease for the continuous cooling. According to the 
predicted temperature data in 1 ms and 10 ms after ignition (Fig. 4-6), the reaction 
temperature of both bonding interfaces can drop to below 100 °C in only 1 ms. But, the 
temperature at the NanoFoil/Sn interface is still higher than on the Sn/Cu side, and a 
temperature gradient along the propagation direction of reaction front is also generated 
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in the x-y plane. Only if the cooling time is long enough, which is about 10 ms, the 
temperature gradient in the joint can be eliminated.  
4.2.3 Temperature changing history and Heating/cooling rate 
Subsequently, the history of temperature and heating/cooling rate at critical 
positions, including both bonding interfaces and the midpoint of solder layer in the 
steady and transition reaction region, are evaluated. From the predictions, it is found 
that the changing of temperature obeys the Boltzmann function and can be divided into 
three stages, including a rapid heating stage, a short-term rapid cooling stage and one 
following slow cooling stage. Particularly, by contrasting the data at different locations 
of the self-propagating joint, as demonstrated in Fig. 4-7, the maximum reaction 
temperature is confirmed to be above the melting point of solder wherever it is in the 
solder layer. Thus, the heat released from the Al-Ni exothermic reaction during reactive 
bonding should be enough to melt the entire thickness of the intermediate solder layer.  
In the steady reaction region (Fig. 4-7c), the reaction temperature at the 
NanoFoil/Sn interface is predicted to rise to 1047 ºC within 0.0078 ms, with an average 
heating rate of 13.0*107 ºC/s, and drop down to below the melting point of solder (232 
ºC for Sn) within 0.13 ms. During this period, the highest cooling rate can attain 2.3*107 
ºC/s, which is obtained at the beginning of cooling since the temperature gradient is the 
largest, and the transient cooling rate at the solidification point of solder is 1.22*106 
ºC/s. Then, in the slow cooling stage, the velocity of cooling decreases continuously to 
merely 5 ºC/s in 10 ms for the reduced temperature gradient and thus heat flux in the 
joint. However, due to the necessary time required for heat conduction and the heat 
consumption in the intermediate solder layer, a delay in the rising and a decrease in the 
maximum value of the reaction temperature are observed at the Sn/Cu interface and the 
midpoint of the solder layer. Moreover, as the temperature gradient at the Sn/Cu 
interface and the midpoint of the solder layer are also lowered, the heating/cooling rate 
declines correspondingly. For instance, the maximum reaction temperature at the Sn/Cu 
interface (300 ºC) is attained 0.024 ms later than that on the NanoFoil side, with an 
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average heating rate of only 8.3*106 ºC/s, and the highest cooling rate and transient 
cooling rate at the solidification point are also lower at 1.26*106 ºC/s and 1.01*106 ºC/s. 
   
   
 
Fig. 4- 7 Numerical predicted temperature data versus time at the a) ignition corner, b) 
ignition edges, c) steady reaction region, d) ending edges and e) ending corner of the self-
propagating joint. 
Also, the temperature changing curves in the transition reaction region are counted 
as well. From Fig. 4-7 a~b, the maximum reaction temperature at the NanoFoil/Sn 
interface is 1026 ºC at the ignition edges and 735 ºC at the ignition corner, with average 
heating rates of 11.1*107 ºC/s and 5.43*107 ºC/s, respectively. And in the following 
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rapid cooling period, the corresponding highest cooling rates are calculated to be 
2.2*107 ºC/s at the ignition edges and 4.6*106 ºC/s at the ignition corner. Furthermore, 
at the Sn/Cu bonding interface, the highest reaction temperature at the ignition edges 
and ignition corner is even lower of 296 ºC and 252 ºC, respectively, with average 
heating rates of 8.40*106 ºC/s and 5.21*107 ºC/s, and maximum cooling speeds of 
1.22*106 ºC/s and 0.78*106 ºC/s. But at the ending edges and ending corner, as in the 
cases of Fig. 4-7 d~e, the maximum reaction temperature at the NanoFoil/Sn interface 
are much higher at 1302 ºC and 1260 ºC, respectively, with average heating rates of 
16.6*107 ºC/s and 15.5*107 ºC/s, and maximum cooling rates of 5.52*106 ºC/s and 
4.58*107 ºC/s. Meanwhile, on the Sn/Cu side, the reaction temperature can reach 335 
ºC and 364 ºC at the ending edges and corner, of which the average heating rates are 
respectively 1.31*107 ºC/s and 1.62*107 ºC/s, and the maximum cooling rate are 
1.64*106 ºC/s and 2.3*106 ºC/s. Based on these predictions, the maximum reaction 
temperature and heating/cooling rate are verified to increase at the ending region of the 
self-propagating reaction but decrease at the ignition part, which can be expressed as 
Tmax-ending corner >Tmax-ending edges > Tmax-steady > Tmax-ignition edge > Tmax-ignition corner. 
4.2.4 Verifications of the established model 
To validate the established model, the changing curves of temperature in the 
substrate, 150 µm and 300 µm from the Sn/Cu bonding interface, are collected from 
both numerical predictions and experimental tests and then contrasted in detail. As 
shown in Fig. 4-8, the predicted temperature data fits the measured temperature results 
in both the rapid heating and slow cooling stages. However, a mismatch is detected 
between predicted and measured temperature in the rapid cooling stage. While the final 
temperature is almost the same, the cooling rates calculated from the numerical 
simulations are much higher than that measured by the experimental tests. According 
to the heat transfer theory, this difference may be attributed to the thermal inertia of the 
K-type thermocouple. As the respond time of K-type thermocouple is approximately 1 
ms, which is far longer than the entire rapid cooling stage (<0.2 ms), the thermocouple 
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cannot give a timely response to the decrease in the local temperature. Considering the 
delay occurred in the rapid heating stage, the mismatch between the measured and 
predicted cooling rates can be illustrated. Thus, the established model is credible to 
simulate the temperature and stress field for the reactive bonding process. 
     
Fig. 4- 8 The predicted and measured temperature curves in the substrate a) 150 μm and b) 
300 μm from the Sn/Cu bonding interface. 
4.3 Stress profile in typical self-propagating joint 
From the predictions above, the Al-Ni self-propagating reaction and the melting 
and solidification of solder alloys are all completed within 0.2 ms. During this period, 
the reaction front only propagates for about 1.4 mm which is far less than the dimension 
of joint. Under such situation, although the solder layer can melt across its entire 
thickness during reactive bonding, the movement of liquid solder and reacted NanoFoil 
are constrained by surrounding unreacted and reacted solid materials. Thus, a thermal 
stress will develop in the self-propagating joint [214]. 
During the reactive bonding process, especially in the cooling stage, this thermal 
stress has a profound impact on the crystallization of liquid phases and formation and 
extension of defects. Therefore, to enable the anaylsis on the mechniasm of interfacial 
reactions and forming principle of phases and defects, the distribution of von Mises 
stress in the typical Cu-Sn-Cu joint during and after reactive bonding has also been 
investigated. Note that as many assumption have been applied for the simulation work, 
the predicted stress data is only used for qualitative analysis. 
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4.3.1 3D view of predicted stress field 
The 3D view of the predicted von Mises stress field in the Cu-Sn-Cu joint when 
performing reactive bonding is illustrated in Fig. 4-9. Due to the localized rapid heating 
and cooling, the structural deformation of the bonding materials during reactive 
bonding, especially the solder and NanoFoil in the reacting region, is too minor to be 
captured (normally less than 1 μm), so that the expansion and contraction of materials 
at different reaction stage is not shown in the stress field.  
 
Fig. 4- 9 3D view of the von Mises stress field in typical Cu-Sn-Cu self-propagating joint. 
As the von Mises stress is determined by the related temperature profile, the 
distribution of von Mises stress in the self-propagating joint is similar to the temperature 
field. The maximum von Mises stress is attained at the midpoint of NanoFoil since the 
reaction temperature is the highest. Also, for the decrease of temperature in surrounding 
HAZ, the value of von Mises stress decreases accordingly with the rise in the distance 
from the NanoFoil. But different from the predicted temperature field, a stress transition 
zone, in which the value of von Mises stress is greatly reduced, followed by an high-
stress region is formed in the reacted NanoFoil.  
4.3.2 Stress evolution in the HAZ 
Similar to the analysis of the temperature field, the developed von Mises stress 
along different axes of the self-propagating joint are analysed. 
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Von Mises stress along the thickness direction 
Figure 4-9 demonstrates the stress distribution along the thickness direction (z-
axis) of the self-propagating joint, in which curves possessing different colours 
represent the von Mises stress at the igniting moment and 0.005 ms, 0.03 ms, 0.1 ms, 1 
ms, and 10 ms after the native Al-Ni NanoFoil is ignited. Since the mismatched CTEs 
between materials can also contribute to the generation of stress, the von Mises stress 
increases at the bonding interfaces, for which the distribution of von Mises stress does 
not exactly follow the change of reaction temperature [215].  
  
Fig. 4- 10 The von Mises stress distribution across the thickness direction of Cu-Sn-Cu 
bonding at the igniting moment and 0.005 ms, 0.03 ms, 0.1 ms, 1 ms and 10 ms after igniting 
the native NanoFoil, in which the x-axis means the coordinates in the thickness direction with 
the midpoint of NanoFoil being the zero point and y-axis is the transient stress. 
At the time of ignition, since the native NanoFoil has already been preheated by 
the previous exothermic reaction in the nearby region, von Mises stress of 2.79 
gigapascals (GPa) is developed at the midpoint of NanoFoil. At the same time, the stress 
at the Cu/Sn interface attains its highest point, 1.12 GPa. Then, after ignition, the von 
Mises stress increases rapidly in the entire bond for the rise in the local temperature 
until the exothermic reaction is completed. Thus, in 0.005 ms after ignition, when the 
highest reaction temperature is obtained, the von Mises stress at the midpoint of 
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NanoFoil and NanoFoil/Sn interface attain their highest points, 3.91 GPa and 0.86 GPa, 
respectively. After that, the von Mises stress of the entire bond starts to decrease 
continuously as a result of the reduction in local temperature.  
Von Mises stress at the bonding interfaces (x-y plane) 
The distribution of von Mises stress at both NanoFoil/Sn and Sn/Cu interfaces 
during reactive bonding are subsequently investigated. From the von Mises stress fields 
described in Fig. 4-11 and 4-12, three distinctive stress concentration regions are 
evidently observed around the arc-shaped reaction front. Similarly, as the heating at the 
Cu/Sn interface is postponed and slowed for the heat conduction and consumption in 
solder layers, the developed von Mises stress is predicted to be lower and achieved later 
than that at the NanoFoil/Sn interface. 
 
Fig. 4- 11 The von Mises stress field of the NanoFoil/Sn bonding interface in 0.005 ms, 0.02 
ms, 0.1 ms, 0.15 ms, and 0.2 ms after ignition. 
During reactive bonding, the first stress concentration region is caused by the rapid 
heating in the reaction front. For this reason, this stress concentration region is of 
compressive stress and located at the same position with the high-temperature front. 
Then, as the local temperature drops rapidly after the reaction front has passed, the 
compressive stress is released, instead, a tensile stress develops as the volumetric 
change of materials will be constrained by surrounding solid solder and substrate where 
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the temperature change is smaller. Hence, one low-stress gap followed by a high tensile 
stress region, so called the second concentration region as in the cases of 0.1 ms and 
0.15 ms after ignition, is formed in the reacted zone behind the reaction front.  
The third stress concentration is developed at positions where transition reactions 
occur. In these regions, the reaction temperature or temperature gradient may be 
improved for the reduced outward heat conduction or the decreased inflow heat flux, 
which has been discussed in 4.2.2. Thus, von Mises stress even larger than that in the 
steady reaction zone is developed. For instance, in the cases of 0.15 ms and 0.2 ms after 
ignition, the von Mises stress can attain 3.51 GPa and 3.96 GPa, respectively, at the 
ending edges and ending corner, which is almost two times higher than that developed 
in the first two stress concentration regions. 
 
Fig. 4- 12 The von Mises stress field of the Sn/Cu bonding interface in 0.005 ms, 0.02 ms, 0.1 
ms, 0.15 ms, and 0.2 ms after ignition. 
Besides, in the cooling stage, a significant difference in the developed von Mises 
stress is also observed between the two bonding interfaces, as shown in Fig. 4-13. At 
the NanoFoil/Sn interface, the maximum von Mises stress is obtained in the central part. 
But for the Sn/Cu interface, the peak stress is conversely achieved at the corners and 
edges. Even if the cooling time is further prolonged to reduce and uniformize the 
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temperature, as in the case of Fig. 4-6, the von Mises stress still concentrates at the same 
locations. Therefore, considering the distribution of von Mises stress along the z-axis, 
the weak points in the as-bonded self-propagating joint are confirmed to be the central 
joining region around the NanoFoil and the corners and edges of the bonding interfaces 
between the NanoFoil and solder layers. 
 
Fig. 4- 13 Distribution of von Mises stress of NanoFoil/Sn and Sn/Cu interfaces in 1 ms and 
10 ms after ignition. 
4.3.3 Changing history of von Mises stress 
Differing from the temperature changing curves, two stress peaks are observed at 
the critical positions of the self-propagating joint. Particularly, the relationship between 
the von Mises stress developed at these locations is identified based on the predictions 
in Fig. 4-14, where σmax-ending corner > σmax-ending edges > σmax-ignition edge > σmax-ignition corner > 
σmax-midpoint.  
Based on the discussion in 4.3.2, these two stress peaks are respectively caused by 
the compressive stress and tensile stress generated in the rapid heating and cooling 
stages. Thus, the first stress peak is attained at the end of the self-propagating reaction 
as both reaction temperature and temperature gradient are the largest at this moment, 
and the second stress peak occurs at a specific point of the cooling stage when the 
relative shrinkage deformation degree of native materials is the greatest. 
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Fig. 4- 14 Numerical predicted von Mises stress data versus time at the a) ignition corner, b) 
ignition edge, c) central steady reaction area, d) ending edges and e) ending corner of the 
self-propagating joint. 
To be specific, at the NanoFoil/Sn interface of the steady reaction region (Fig.4-
14c), after the thermal stress reaches the first peak, 1.4 GPa, it drops significantly for 
the rapid cooling and then increases again to the second peak of 1.45 GPa for the 
constrained contraction. At the same time, as the reaction temperature, heating/cooling 
rate and temperature gradient is relatively lower at the Sn/Cu bonding interface, the 
value of two von Mises stress peaks are reduced to 1.08 GPa (the first compressive 
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stress peak) and 0.31 GPa (the second tensile stress peak). But in the transition reaction 
region, as in the cases of Fig. 4-14 a~b, the developed von Mises stress can attain 2.13 
GPa and 1.94 GPa, respectively, at the ignition edges and corner of the NanoFoil/Sn 
interface, and can reach 1.36 GPa and 0.94 GPa, respectively, at the corresponding 
positions of the Sn/Cu side. Additionally, the von Mises stress induced at the ending 
edges and ending corner can be even larger for the higher reaction temperature, which 
can be over 2.28 GPa and 4.80 GPa at the NanoFoil/Sn interface, and can exceed 1.04 
GPa and 1.20 GPa on the Sn/Cu side, as figured in Fig. 4-14 d~e.  
From the stress data above which is obtained based on the linear elastic properties 
of materials, the von Mises stress developed across the entire HAZ area can be far more 
than the yield strength of the NanoFoil (0.2~0.5 GPa), solder layer (0.011 GPa for Sn) 
and substrate (0.224 GPa for Cu). Under such condition, for the actual self-propagating 
joint where the materials is viscoelastic, severe plastic deformation and massive 
dislocations will be inevitably induced in the HAZ, which may affect the interfacial 
reactions and the formation of phases in the self-propagating joint.  
4.4 Factors influencing the thermal and stress fields 
As the NanoFoil is the only heat source, the heat transfer and further temperature 
evolution process in the HAZ of the self-propagating joint can be simplied and 
expounded through the following equations[216]: 
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where h is the heat transfer coefficient at interfaces, ∆x is the incremental space, 𝑇𝑖
𝑡 
represents the temperature of one incremental space at specific position and time, 𝑇𝑖−1
𝑡  
and 𝑇𝑖+1
𝑡  are the temperature at nearby nodes, T∞ is the environment temperature, 
and ∆𝑇𝑖
𝑡 is the temperature changes within one incremental space in one incremental 
time (∆t). 
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As the heat generated from the Al-Ni NanoFoil is constant, the soldering 
conditions in the self-propagating joint are thus governed by factors which may affect 
the heat conduction process, including the ambient temperature, applied pressure as 
well as the size, thickness, density, heat conductivity and heat capacity of the solder 
alloy and substrate. Hence, a series of predictions concerning the thermal/stress profiles, 
regarding the maximum temperature/stress (Tmax/σmax) and duration of melting (tliquid), 
in the self-propagating joint are quantified to elaborate the detailed effect of these 
influencing factors on the soldering conditions. In this research, all these numerical 
work are implemented based on the typical Cu-Sn-Cu interconnect. Particularly, as the 
area of transition reaction region can merely account for less than 10 % of the total 
bond, the predictions and discussion are carried out using the temperature and stress 
data of the steady reaction regions.  
4.4.1 Effect of the size of bonding 
Since the temperature and stress profiles of the steady reaction and transition 
reaction regions are different, the size, width and length of the joint, of bonding can 
affect the temperature and stress field induced during the self-propagating reaction 
under some certain circumstance. For instance, when the width or length of the joint is 
short enough, being less than 0.1 mm, the most of the self-propagating reaction 
occurred in the joint will become transition reaction. Under such case, Tmax, tliquid and 
σmax will be reduced in the ignition region but be conversely improved in the reaction 
ending zone on the other side with the decrease of the size of bonding. Thus, 
temperature and stress gradients will develop across the x-y planes of the joint during 
reactive bonding as a consequence, leading to a serious deformation and even false 
joining. But when bonding components of large size, the steady reaction region can 
account for the major part of the self-propagating joint. On this occasion, the changes 
in the bonding size will only have an ignorable impact on the temperature and stress 
distribution induced during reactive bonding. 
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4.4.2 Effect of properties of solder alloy 
Thickness of solder layers 
The temperature and stress profiles in Cu-Sn-Cu joints bonded using 1 mm Cu 
boards and solder layers of various thickness, ranging from 10 µm to 45 µm, at the 
room temperature are demonstrated in Fig. 4-15. At the NanoFoil/Sn interface, as the 
thickness of solder layer rises from 10 µm to 45 µm, Tmax and tliquid increase from 
1072 °C and 0.1 ms to 1633 °C and 0.21 ms, respectively. Also, σmax rises from 1.57 
GPa to 1.95 GPa at the same time but drops to 1.72 GPa once the solder layer is thicker 
than 30 µm. For the Sn/Cu interface, while Tmax/tliquid decrease from 390 °C/0.084 ms 
to 216 °C/0 ms with the increase of solder thickness, σmax rises from 1 GPa to 1.14 GPa 
and starts to decline after the thickness of solder layer surpasses 15 µm. 
   
Fig. 4- 15 Numerical predicted a) temperature and b) stress profiles of Cu-Sn-Cu self-
propagating joint as functions of the thickness of the solder layer. 
These changes in the temperature and stress profiles can be illustrated by the heat 
transfer and temperature evolution equations mentioned above. During reactive 
bonding, if thicker solder layers are utilized for joining, the conduction distance of heat 
from NanoFoil to the Cu substrate is prolonged, such that the density of heat flux at the 
Sn/Cu interface is reduced as more heat is required for heating the intervening solder 
layer. Thus, Tmax, tliquid and σmax at the Sn/Cu interface all decrease with the rise of the 
thickness of solder layer. But at the NanoFoil/Sn interface, as the heat conductivity of 
Sn is relatively smaller than Cu, Tmax, tliquid and σmax are improved conversely in joints 
bonded with thicker solder layers as consequences of the decrease in the outward heat 
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flux from the NanoFoil to the solder. However, it should be noted that the 
heating/cooling rate and temperature gradient in the self-propagating joint all decrease 
with the growth of solder thickness due to the reduction in the density of heat flux. Thus, 
as described in Fig. 4-14b, σmax at the NanoFoil/Sn interface begins to drop if the solder 
layer is thicker than 30 µm although the reaction temperature is still increasing.  
Material properties of the solder alloy 
Subsequently, the temperature and stress profiles in ‘Cu-Sn-Cu’ joints, where only 
one material property of solder alloy, i.e. heat conductivity, density or heat capacity, is 
changing while other physical properties are assumed to be those of Sn, are predicted 
and contrasted, as demonstrated in Fig. 4-16. In this analysis, the changing material 
property is assumed to be 1/8, 1/4, 1/2, 1, 2, 4, 8 and 16 times of that of Sn, which may 
be physically improssible but can be used to reveal the changing trend at the greatest 
extent. 
  
Fig. 4-16 Numerical predicted a) temperature and b) stress profiles of “Cu-Sn-Cu” self-
propagating joint as functions of density, heat capacity and heat conductivity of solder alloy. 
At the NanoFoil/Sn interface, as the assumed density (ρ) or heat capacity (cp) of 
solder alloy increases from 0.125 times (908 kg/m3 or 32 J/(kg*K)) to 16 times (116240 
kg/m3 or 4096 J/(kg*K)) of Sn, Tmax decreases from 1561 °C to 942 °C, and σmax drops 
from 2.12 GPa to 1.18 GPa. At the same time, Tmax is lowered from 375 °C to 128 °C, 
and σmax is reduced from 1.19 GPa to 0.55 GPa at the Sn/Cu interface. From the 
temperature evolution equations, this decrease in Tmax and σmax is due to the increase of 
energy required to heat up the solder to the same temperature grade. As the rise of the 
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density or heat capacity of solder alloy, not only the changing velocity of temperature, 
∆T/∆t, is reduced, but also the temperature gradient, 𝛻T, between nodes are minished, 
which further retards the heat conduction in the joint. As a result, the final reaction 
temperature and accordingly the von Mises stress are greatly reduced in the entire bond.  
The influence of heat conductivity of solder layer is also analysed. With the rise 
of the heat conductivity (k) of solder alloy, the heat released from NanoFoil is conducted 
faster towards the Cu substrate. Thus, the density of heat flux at both NanoFoil/Sn and 
Sn/Cu interfaces, 
𝑘𝐴
∆𝑥
(𝑇𝑖−1
𝑡 − 𝑇𝑖
𝑡) , and further the heating/cooling rate, ∆T/∆t, and 
temperature gradient, ∆T, are improved. Under such situation, due to the enhanced heat 
conduction across the solder layer, Tmax and σmax both decrease at the NanoFoil/Sn 
interface but increase on the Sn/Cu side. Specifically, as the assumed heat conductivity 
of solder alloy increases from 0.125 times (8.35 W/(m*K)) to 16 times (1068.8 
W/(m*K)) of Sn, Tmax drops from 1671 °C to 702 °C and σmax decreases from 3.26 GPa 
to 0.93 GPa at the NanoFoil/Sn interface, and Tmax rises from 116 °C to 516 °C but σmax 
drops from 1.42 GPa to 0.53 GPa at the interface between the solder and the substrate. 
However, in all these predictions, the changing tendency of tliquid is complicated. 
While the heating rate (∆T/∆t) and reaction temperature (Tmax) change with the variation 
of one material property of solder alloy, the temperature gradient (∇T) and the cooling 
rate vary as well in the same trend. Thus, even if higher (lower) Tmax has been attained, 
tliquid may decrease (increase) for the faster (slower) cooling rate. Hence, as the rise of 
the density or heat capacity of solder alloy, tliquid increases from 0.13 ms to 0.135 ms at 
first and then decreases to 0.067 ms at the NanoFoil/Sn interface, but is reduced from 
0.094 ms to 0 continuously on the Sn/Cu side. Also, with the increase of the heat 
conductivity of solder alloy, tliquid drops from 0.90 ms to 0.08 ms at the NanoFoil/Sn 
interface but rises from 0 ms to 0.087 ms at the solder interface with the Cu substrate 
before dropping down to 0.076 ms. 
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4.4.3 Effect of properties of substrate 
Thickness of substrate 
Figure 4-17 illustrates the predicted temperature and stress profiles in Cu-Sn-Cu 
self-propagating joints bonded by Cu substrates of different thickness and 20 µm thick 
Sn solder layers at the room temperature. It is evident that both the temperature and von 
Mises stress decrease for the rise in the thickness of the substrate. At the NanoFoil/Sn 
interface, as the thickness of Cu increases from 0.05 mm to 0.15 mm, Tmax, σmax and 
tliquid decrease from 1463 °C, 2.16 GPa and more than 10 ms, respectively, to 1455 °C, 
2.11 GPa and 0.135 ms. Meanwhile, Tmax/tliquid keeps decreasing from 502 °C/10+ ms 
to 326 °C/0.082 ms at the Sn/Cu interface, and σmax rises from 1.07 GPa to 1.18 GPa 
before dropping to 1.16 GPa. Then, if thicker substrates are used for joining, the 
variation in the temperature profile becomes neglectable. Based on these findings, there 
should exist a critical thickness of the substrate for reactive bonding, which is 0.15 mm 
for the Cu-Sn-Cu joint. 
   
Fig. 4- 17 Numerical predicted a) temperature and b) stress profiles as functions of the 
thickness of the substrate. 
As demonstrated in Fig. 4-18, this critical substrate thickness is associated with 
the development of the HAZ during reactive bonding. In joint bonded by thick 
substrates (Fig. 4-18a), the HAZ is far thinner than the substrate such that the heat 
conduction in these joint is constrained within the region between the NanoFoil and a 
specific location in distant Cu substrate outside the HAZ. Hence, although the heat 
 75 
 
resistance between the NanoFoil and the environment (the air) is reduced in these joints 
for the reduction of the thickness of the substrate, the density of heat flux at specific Z 
coordinate of the joint remains almost constant during the self-propagating reaction. So 
is the temperature evolution process. Thus, the impact of the changes in the substrate 
thickness on the temperature profile is ignorable. But if the thickness of substrates is 
near or thinner than the size of potential HAZ (Fig. 4-18b), the decline of the thickness 
of substrates may restrict the outward heat conduction during reactive bonding as the 
heat transfer efficiency between the substrate and the air is much lower than the heat 
conductivity of Cu substrate. On this occasion, more energy is reserved in the HAZ, 
leading to the corresponding increase of Tmax and tliquid in the entire bonding. Therefore, 
the critical substrate thickness is essentially the thickness of the HAZ that developed in 
the substrate during reactive bonding. For Tmax, the critical substrate thickness is 0.13 
mm, which is the thickness of HAZ developed at the end of the self-propagating 
reaction when the exothermic reaction vanishes. But for tliquid, since the solidification 
of liquid solder is typically initiated in the cooling stage after the self-propagating 
reaction, the critical thickness is thicker at 0.15 mm as the HAZ is enlarged for the 
ongoing heat conduction in the substrate during cooling, as suggested in Fig. 4-18c. 
 
Fig. 4- 18 The HAZ developed in Cu-Sn-Cu interconnect bonded with a) thick Cu substrates, 
b) thin Cu substrates during the self-propagating reaction and c) during the cooling stage. 
However, as the dimension of HAZ is determined by the heat condition in the self-
propagating joint, the critical substrate thickness will change when the materials and 
technical parameters utilized for joining are different. From our predictions, the critical 
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thickness becomes thinner when using substrate/solder alloy of higher density/heat 
capacity or lower thermal conductivity for bonding, but is conversely enlarged if the 
joint is formed by thinner solder layers or at the higher ambient temperature. 
Material properties of substrate 
To evaluate the effect of material properties of the substrate on the soldering 
conditions, the temperature and stress profiles in “Cu-Sn-Cu” self-propagating joints, 
where only one material property of the substrate is varying, are predicted and 
contrasted in Fig. 4-19. Similar to the predictions for solder alloy, the changing material 
property is assumed to be 1/8, 1/4, 1/2, 1, 2, 4, 8 and 16 times of that of Cu to show the 
changing tendency at the greatest extent. 
  
Fig. 4- 19 Numerical predicted a) temperature and b) stress profile of “Cu-Sn-Cu” self-
propagating joint as functions of the density, heat capacity and heat conductivity of the 
substrate. 
At the NanoFoil/Sn interface, if the assumed density or heat capacity of the 
substrate increases from 0.125 times (1120 Kg/m3 or 48 J/(Kg*K)) to 16 times 
(1.43*105 Kg/m3 or 6144 J/(Kg*K)) of that of Cu, Tmax/tliquid decreases from 1499 °C/ 
10+ ms to 1450 °C/0.67 ms, and σmax is improved from 1.59 GPa to 1.97 GPa. 
Meanwhile, at the Sn/Cu interface, Tmax/tliquid drops from 576 °C/10+ ms to 133 °C/0 
ms, and σmax increases from 0.99 GPa to 1.14 GPa. On the other hand, as the assumed 
heat conductivity of the substrate rises from 0.125 times (50 W/m*K) to 16 times (6416 
W/m*K) of that of Cu, Tmax/ tliquid drops from 1454 °C/0.65 ms to 1450 °C/0.06 ms, and 
σmax decreases from 1.93 GPa to 1.87 GPa and rises back to 1.92 GPa at the 
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NanoFoil/Sn interface. At the interface between Sn solder layer and the Cu substrate, 
Tmax/ tliquid is reduced from 638 °C/0.61 ms to 99 °C/0 ms, and σmax decreases from 1.11 
GPa to 1.06 GPa before rising back to 1.14 GPa. 
These changes in the soldering conditions can also be illustrated by the heat 
transfer and temperature evolution equations. During reactive bonding, if the density or 
heat capacity of the substrate is increased, the amount of the energy which is required 
to heat up the substrate to the same level rises. At the same time, the temperature 
distribution in the solder layer and heat conducted into the substrate do not change. 
Hence, the temperature change (∆T) is reduced, but the temperature gradient (∆T/∆x) 
is improved since the beginning of the heat conduction process. Furthermore, the 
density of heat flux across the entire solder layer is improved, leading to the decrease 
of Tmax and tliquid in the self-propagating joint. Note that the improved temperature 
gradient can also contribute to the formation of thermal stress even though the reaction 
temperature is reduced. Thus, the developed von Mises stress, σmax, may increase in the 
HAZ with the rise of density or heat capacity of the substrate. On the other hand, when 
the thermal conductivity of the substrate is increasing, the temperature gradient (∆T/∆x), 
Tmax and tliquid in the HAZ drop down as heat is transferred more efficiently to the 
external substrate. Also, for the reduced temperature and temperature gradient, σmax 
decreases when the heat conductivity is at a low level although the cooling rate is 
improved. 
4.4.4 Effect of ambient temperature 
The ambient temperature, T0 and T∞, can also affect the development of 
temperature and stress fields during reactive bonding. Thus, Tmax, tliquid and σmax of the 
typical Cu-Sn-Cu joints bonded under various ambient temperature, ranging from 25 °C 
to 200 °C, are then predicted, of which the detailed results are shown in Fig. 4-20.  
According to the heat transfer equations, the influence of the ambient temperature 
can be attributed to its direct impact on changing the initial temperature distribution in 
the self-propagating joint during reactive bonding. When the ambient temperature is 
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increased from 25 °C to 200 °C, as the overall temperature of the joint is increased, Tmax 
increases linearly from 1445 °C to 1620 °C, and tliquid rises from 0.135 ms to 10+ ms at 
the NanoFoil/Sn interface. Meanwhile, Tmax rises linearly from 330 °C to 506 °C, and 
tliquid are prolonged from 0.087 ms to 10+ ms at the Sn/Cu interface. Additionally, when 
the ambient temperature is varying, the temperature changing rate (∆T/∆t) and 
temperature gradient (∆T/∆x) in the HAZ remain the same as the heat conduction 
process is not affected (the material properties of every material are assumed to be 
constant). Thus, it is predicted that σmax does not change but keeps constant at about 
1.89 GPa at the NanoFoil/Sn interface and 1.06 GPa at the Sn/Cu interface, which 
indicates the dominant roles of the temperature gradient and heating/cooling rate 
playing in the generation of von Mises stress.  
   
Fig. 4- 20 Numerical predicted a) temperature and b) stress profiles of Cu-Sn-Cu self-
propagating joint as functions of the ambient temperature. 
Therefore, as the rise in the ambient temperature can increase the reaction 
temperature and duration of melting without causing greater thermal stress in the self-
propagating joint, the preheating process is proved to be an efficient and optimum way 
to improve the soldering conditions. 
4.4.5 Effect of applied pressure 
In addition, the effect of applied pressure on the soldering conditions is analysed. 
During reactive bonding, the pressure applied to the bonding structure, normally less 
than 10 MPa, is far below the yield strength and Young`s modulus of the NanoFoil, 
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solder alloy and substrate. Hence, the pressure-induced dimensional change in the self-
propagating joint can be neglected, for which the pressure cannot affect the heat 
conduction process and further the temperature distribution in the self-propagating joint. 
Additionally, as the thermal stress developed during reactive bonding is typically of 
several GPa, which is hundreds of times higher than the pressure, the effect of the 
applied pressure on the distribution of von Mises stress in the joint is also ignorable. 
However, from our research on the total bonding thickness that will be discussed 
in Chapter 6, the applied pressure is experimentally confirmed to be capable of causing 
a reduction in the thickness of solder layer during reactive bonding. For this reason, the 
effect of applied pressure on the thickness of solder layer and further the temperature 
and stress distribution in the self-propagating joint is still imperative to be considered. 
Through the linear regression method, the relationship between the applied pressure 
and thickness of solder layers has been clarified, which can be expressed as Hs/H0=1-
2.62σp/(1+3.15σp) ±0.086, where Hs and H0 (μm) are respectively the actual and 
original thickness of solder layer, and σp (MPa) is the value of applied pressure.  
4.5 Conclusion 
In this chapter, the temperature and stress fields developed in the Cu-Sn-Cu joint 
during the reactive bonding are numerically investigated in detail, including: 
i) The temperature and stress field of the typical Cu-Sn-Cu interconnect are 
evaluated. While the maximum reaction temperature can attain more than 1600 ºC at 
the midpoint of NanoFoil, large temperature gradient and high thermal stress will 
develop in the HAZ of the joint. The reaction temperature across the entire solder layer 
can surpass the melting point of solder alloy, even at the solder/substrate interface, for 
which the entire solder layer will melt into liquid during reactive bonding. In addition, 
as the developed von Mises stress is far more than the yield stress of every bonding 
materials, severe dislocations and deformation will occur in the actual joint. 
ii) The temperature and stress distribution in the planes of bonding interfaces have 
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been analysed. Two kinds of self-propagating reaction, namely “steady reaction” and 
“transition reaction”, and three types of stress concentration regions around the reaction 
front are developed in the joint during reactive bonding, in which the temperature and 
stress profiles are evidently different. 
iii) The changing curves of temperature and stress at critical locations of the HAZ 
are predicted, from which the maximum reaction temperature, heating/cooling rate, 
duration of melting and the stress concentration are evaluated. It is found that the 
change of temperature with time obeys the Boltzmann function during both heating and 
cooling stages and can be divided into three parts, including a rapid heating stage, a 
short-term rapid cooling stage and one following slow cooling stage. At the same time, 
two stress peaks, one compressive stress peak and another following tensile stress peak, 
are developed in the entire HAZ. By contrasting the stress developed at different 
locations, the corners and edges of the NanoFoil/solder interface and the central region 
of NanoFoil are confirmed to the weak points of the self-propagating joint.  
iv) Through the comparative analysis, the effect of influencing factors, including 
ambient temperature, pressure, as well as dimention and material properties of the 
solder and substrate have been evaluated. It is suggested that the soldering conditions 
in the self-propagating joint can be improved by using low-density, heat conductive 
solder alloys or thermal insulation substrates for bonding. Additionally, the preheating 
and pressure applied to the interconnects are proved to be beneficial to improve the 
soldering conditions for reactive bonding for their impact on improving the initial 
temperature of the joint and thinning the solder layers.   
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Chapter 5. Interfacial reactions through self-
propagating soldering 
5.1 Introduction 
According to the numerical predictions in Chapter 4, the reaction temperature in 
the self-propagating joint can attain 1600 ºC and cool down to below the melting point 
of solder alloy within 1 ms, during which the heating and cooling rates both exceed 106 
ºC/s while a large temperature gradient at approximately ~107 ºC/m is generated across 
the HAZ. Under such situation, the whole soldering process, including the melting, 
wetting, interfacial reactions between solder alloy and the NanoFoil or substrate as well 
as the nucleation, crystallization and growth of grains and IMCs, should be in a highly 
non-equilibrium state. For this reason, unique phases and bonding microstructure 
differing from that developed in other traditional joining processes are formed in the 
self-propagating joint after reactive bonding.  
Therefore, to understand the soldering mechanism and predict the formation of 
phases and IMCs during reactive bonding, the cross-sectional microstructure of the self-
propagating joint has been characterized and compared to their initial structure in this 
chapter. Through the comparative analysis of the experimental results with the related 
numerical predictions, this investigation can help reconstruct and reveal the interfacial 
reactions and the forming principle of phases in the self-propagating reactive bonding. 
5.2 Microstructural evolution in self-propagating joints 
5.2.1 Initial microstructure of bonding materials 
The microstructure of Al-Ni NanoFoil and substrate materials had been illustrated 
in Chapter 3. Clean and smooth surface are obtained on these materials after they had 
been processed by sputtering or polishing.    
 82 
 
The initial microstructure of solder layers, including Sn, SAC305 and Au80Sn20, 
are demonstrated in Fig. 5-1. All these solder foils have been acid-etched by a 3-5% 
hydrochloric-alcohol solution or an aqua regia solution (nitric acid: Hydrochloric acid 
= 1:3) before characterisation. Through the EDX test, the composition of the solder 
grains and IMCs existed in these solder layers are confirmed to be in consistence with 
that in the steady-state phase diagram. Therefore, considering the long-term melting of 
solder during cold rolling enabling the sufficient diffusion and interaction between 
elements, all the phases inside these solder foils should be at the equilibrium state. 
   
Fig. 5- 1 The morphology of as-prepared a) electroplated Sn layer and b) SAC305 solder foil 
and c) Au80Sn20 solder foil. 
Figure 5-1a describes the microstructure of the Sn layer deposited on the surface 
of Cu. In this layer, fine pyramidal Sn grains with a size of hundreds of nanometres are 
observed. Moreover, owing to the atomic diffusion occurred during plating and storage, 
IMC particles and a thin IMC layer of about 0.5 µm, which are measured to be Cu6Sn5, 
are generated inside the solder layer and at the Sn/Cu interface.  
The microstructures of SAC305 and Au80Sn20 solder foils prepared through cold-
rolling method are illustrated in Fig. 5-1b and 5-1c. As all ingredients were melted and 
intermixed before rolling, the interdiffusion and reaction between elements in the liquid 
solder are sufficient. Thus, considering the continuously growth of IMCs in the slow 
cooling process, sizable solder grains and IMCs are formed in the cold-rolled solder 
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foils. Specifically, Sn grains of tens of microns, and Cu6Sn5 and Ag3Sn particles near 
one micron are generated in the SAC305 foils, and eutectic AuSn and Au5Sn layers with 
lamellar thickness of several microns are formed in the Au80Sn20 solder layers.  
5.2.2 Preparation of TEM cross-section 
With the assistance of FIB and Omni-probe, TEM cross-sections between the 
NanoFoil and substrate are prepared through the lift-out process to enable the 
characterisation of the nano-sized phases existed in the self-propagating interconnect. 
From the real-time images in Fig. 5-2, the entire lift-out process can be divided into 6 
steps, including: 
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Fig. 5- 2 Real-time images illustrating the lift-out process utilized to prepare TEM cross-
sections, including a) deposition of protective platinum on area of interest, b) milling of 
trenches and rough polishing, c) frame cuts of central membrane, d) lift-out specimen on 
Omni-probe, e) and f) lift-out specimen on TEM grid before and after removing the Omni-
probe, and the morphology of cross-section before g) and after h) final thinning. 
I) Locate the area of interest: The obtained self-propagating joints are cold-
mounted and polished to get a clean cross-section of the bonded area. Then, the cross-
section is placed into the FIB system, and the morphology of its surface is observed 
using the secondary electron image and back scattering modules of the FEG-SEM 
inside the FIB with voltage at 10 kV. Following that, the location of an area of interest 
can be visually selected.  
II) FIB-deposit a Protective Platinum Layer: As shown in Fig. 5-2a, a platinum 
layer of 2 μm-wide and 2 μm-thick is deposited over the area of interest on the surface 
of the polished cross-section. This FIB-deposited platinum will provide a fast and 
precise approach to protecting the selected area from being damaged by the focused ion 
beam or the multiple image scanning in the following milling procedures.  
III) Mill initial trenches and rough polishing: Using a large beam current, two 
trenches are milled on either side of the area of interest (Fig. 5-2b). The trenches 
themselves are approximately twenty microns wide, fourteen microns long and ten 
microns deep to give flexible space for following cutting and lift-out process. The 
trenches here have been milled to just touch the platinum on either side, leaving a wall 
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of material in the centre that is typically two microns thick. Then, a smaller beam 
current is used to further clean and thin the central membrane between the two trenches 
to a thickness of approximately 1 micrometre.  
IV) Frame cut on central membrane: After the bulk sample containing the area 
of interest is tilted to a steep angle, commonly 45 or 60 degrees, three cuts are made to 
the central membrane to frame the area of interest. During these cuts, the membrane 
will be ion polished until it is electron transparent. Typically, the membrane is left 
attached to the bulk at its top right corner to provide structural strength and stability for 
maintaining the membrane before lift-out, as in the case of Fig. 5-2c. In this step, some 
damage is done to the membrane by tilting and imaging its face. However, since the 
penetration depth is on the order of nanometres for any given material, the damage done 
to the cross-section is essentially limited in the surface region of the membrane. In the 
next few steps, more than the first two hundred nanometres of material will be polished 
away, which ensures that any damage on the electron transparent membrane as a result 
of imaging will not be present in the final TEM cross-section. 
V) Transfer of the central membrane: By using an Omni needle probe and a 
micromanipulator that is capable of moving the extremely narrow tip of the needle 
through exceptionally fine motions with a great deal of control, the selected membrane 
is transmitted to a TEM grid. At first, the Omni-probe is inserted to touch the top left 
corner of the membrane. A layer of platinum is deposited to the contact point so that 
the TEM-specimen can be adhered to the Omni-probe to provide structural strength 
while moving. Then, the attachment bond on the top right corner of the membrane that 
was left by the frame cuts is milled. Once this attachment is gone, the membrane is free 
from the bulk substrate as shown in Fig. 5-2d. After that, the sample is placed and fixed 
on the TEM grid through deposition of platinum at both bottom corners of the 
membrane (Fig. 5-2e), and the Omni-probe is removed by milling its contact point with 
the sample (Fig. 5-2f). Through these procedures, FIB-machined samples are finally 
moved over and fixed to the TEM grid, as shown in Fig. 5-2g.  
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VI) Final thinning: After the transfer of the selected membrane, the sample is ion 
polished on both sides to a thickness of between 50 and 200 nanometres with a reduced 
beam current. At these thicknesses, the membrane is electron transparent, and will 
clearly display the cross-section of the area of interest (Fig. 5-2h). Thus, this grid can 
be put into TEM to image the cross-section of the HAZ in the same way that any other 
TEM specimen would be. Note that in the final thinning step, atoms evaporated from 
the grid may deposit on the surface of cross-section and cause miscount in the 
composition of phases in the following characterisation. Thus, to eliminate this kind of 
error, various grid with different ingredients from the cross-section are applied to hold 
the TEM membranes during lift-out. For the Si-Au80Sn20-Si self-propagating joint, the 
traditional copper grid is appropriate. Without counting copper atoms, the error in the 
elemental analysis can be avoided. But for Cu-Sn-Cu and Cu-SAC305-Cu 
interconnects, molybdenum grids have been used as replacements to prevent the 
miscounting of Cu-rich phases in the HAZ.  
After above lift-out process, the cross-sections of self-propagating joints bonded 
at room temperature are subsequently characterized by TEM. From the experimental 
results, the dimension, distribution and composition of grains and IMCs as well as other 
various information that is related to the crystal structure of materials are evaluated. 
5.2.3 Microstructure of self-propagating joints 
To establish a basis for the comprehension of the reactive soldering process, the 
joint bonded by single-elemental solder, which means the Cu-Sn-Cu bonding, is firstly 
examined.  
The TEM morphology of the Cu-Sn-Cu cross-section is described in Fig. 5-3. 
Distinctive phases and defects with unique distribution and composition differing from 
that obtained in traditional solder joint have been developed during the self-propagating 
reactive bonding. In the reacted NanoFoil, compact equiaxed grains with size ranging 
from 30 nm to 100 nm are observed. in the intermediate solder layer, orderly aligned 
 87 
 
solder grains and IMCs, and several grain-boundary-like constructions where the 
arrangement orientation of phases alters are generated. Severe grain refinement and 
boundary segregations are detected in the Cu substrates. Also, at the bonding interfaces 
between Sn solder and Al-Ni NanoFoil or Cu substrate, thin interfacial IMCs layers 
appear. But due to the contraction of phases during solidification, nanovoids of tens to 
hundreds of nanometres emerge not only in the solder layer but also in the IMC layers 
at the bonding interfaces. 
 
Fig. 5- 3 High Angle Annular Dark Field (HAADF) TEM morphology of the cross-section 
between the NanoFoil and the Cu substrate in Cu-Sn-Cu joint bonded by 25 μm thick pure Sn 
layers at 100 °C. 
Through EDX analysis, the composition of grains and IMCs mentioned above 
have been measured. The composition data of every phase are collected from the 
thinnest part of the TEM cross-section and at least three different locations to improve 
the accuracy. In addition, to get the distribution of elements, which may suggest the 
dynamic and reaction behaviour of liquid solder, EDX mapping analysis has also been 
implemented. The corresponding results are calculated according to the measured 
atomic ratio and demonstrated in Fig. 5-4 and Fig. 5-5.  
As shown in Fig. 5-4, the equiaxed grains in the reacted NanoFoil are NiAl alloys, 
which is the expected product of the Al-Ni self-propagating reaction. Even though same 
lamellar structure can be observed, the Al and Ni nanolayers are measured to be fully 
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transformed into NiAl after reactive bonding. Meanwhile, diffusion layers containing 
Ag, Sn and Cu are identified in the near-surface region of NanoFoil with solder layers. 
Around this diffusion layer, Al-enriched NiAl grains are detected, which indicates the 
substitutional diffusion happened between NiAl grains and solder alloys during 
soldering. 
   
 
Fig. 5- 4 TEM morphology and EDX mapping results of the bonding region the NanoFoil/Sn 
interface. 
At the NanoFoil/Sn interface, the 1 µm thick silver layer on the surface of 
NanoFoil is dissolved. Instead, one 10~20 nm thick Cu-Ni-enriched IMC layer, which 
develops only when Cu atoms can diffuse across the entire thickness of solder layer 
from the substrate, appears. From EDX results, this IMC layer is confirmed to be a 
complex copper-nickel-tin composite, (CumNi1-m)Snn, and of varying composition, 
where m is 0.25 or 0.5 and n is 0.25, 0.5, 1 or 1.5. In the outer region, the value of m 
and n are higher for the sufficient Cu and Sn atoms, for which the developed composite 
is almost (CuNi)Sn3. But in the inner region, the ratio of Cu and Sn are minor for the 
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barrier effect of previous developed IMCs, and thus Ni becomes the primary element, 
leading to the formation of (CuNi3)Sn. 
From the TEM morphology illustrated in Fig. 5-5, the as-deposited thick and flat 
Cu6Sn5 layers that existed between solder layers and substrates are destructed after 
reactive bonding. As a replacement, one IMC layer of transition structure and 
composition, with a thickness of approximately 300 nm, is generated. According to the 
related EDX data, the developed IMCs are CuSn2 at the its interface with the solder, 
but become Cu1-2Sn at its interface with the Cu substrate. Meanwhile, due to the plastic 
deformation of the substrate under large thermal stress and recrystallization of Cu 
induced by the nucleation of IMC, fine grain boundaries which were never observed in 
original substrates are generated in the Cu. 
    
    
Fig. 5- 5 TEM morphology and mapping results of bonding region near the Sn/Cu interface. 
Significant changes also take place in the intermediate solder layer. After reactive 
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bonding, while 1~2.5% Ni, 0.5~1% Cu and 1.0~2.0% Ag from the NanoFoil and Cu 
substrate are dissolved into the solder, all the pyramidal Sn grains and Cu6Sn5 particles 
in as-coated Sn layer disappear. Columnar dendritic Sn grains with orderly arrangement 
are formed, of which the average width is merely hundreds of nanometres. In these 
solder grains and the intergranular regions, metastable Cu-Sn and Ag-Sn IMC particles 
of nanoscale, which are tested to be CuSn2-4 and AgSn1-3, are generated. Moreover, 
according to the mapping results, the CuSn2-4 particles are ascertained to be the primary 
IMC in the solder layer.  
Then, the self-propagating joints bonded using traditional multi-elemental solder 
alloys, i.e. SAC305 and Au80Sn20, have been analysed as well to evaluate the solder 
process for the practicle packging applications.  
 
Fig. 5- 6 TEM morphology of the cross-section between the NanoFoil and the Cu substrate in 
Cu-SAC305-Cu joint bonded by 25 μm thick cold rolled SAC305 foils at 100 °C. 
The TEM morphology of the Cu-SAC305-Cu cross-section is demonstrated in Fig. 
5-6. While similar NiAl alloys, IMCs, columnar dendritic solder grains and grain 
refinements are detected in the joint, noticeable differences are observed when 
compared to the Cu-Sn-Cu bonding. 
From the microstructure and EDX results of the NanoFoil/Sn interface illustrated 
in Fig. 5-7, nano-sized equiaxed NiAl grains and diffusion layers surrounded by Al-
enriched segregation regions are also observed. However, due to the higher 
concentration of Ag and Cu elements in SAC305 solder alloy, the atomic diffusion of 
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Ag and Cu elements towards NanoFoil are enhanced for the improved composition 
gradient. Hence, thicker diffusion layers containing higher amounts of Ag and Cu atoms 
are formed. Moreover, the difference between the distribution of elements becomes 
distinguishable in diffusion layers, indicating the disparate diffusion dynamics of 
elements in the NanoFoil.  
 
 
Fig. 5- 7 The TEM morphology and EDX mapping results of HAZ of the bonding region near 
the NanoFoil/SAC305 interface. 
In addition, larger IMC particles and thicker IMC layers are formed in the 
intermediate solder layer and at the bonding interfaces, as presented in Fig. 5-7 and Fig. 
5-8. For the additional Ag element, more Ag-Sn IMC particles are observed in the joint. 
Also, owing to the improvement in the concentration of Cu element, the ratio of Cu in 
the interfacial IMCs is improved. The composition of the interfacial IMC layer at the 
NanoFoil/solder interface changes into (Cu3Ni)Sn3 in near-surface region and becomes 
(NiCu)Sn in the internal area. Meanwhile, at the solder/substrate interface, Cu-Sn IMC 
layer with higher Cu ratio, which was tested to be Cu2Sn, is generated instead. Note 
that the concentration of Ag, 3 %, is many times higher than the ratio of Cu, 0.5 %, in 
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original SAC305 solder foils, as such Ag-enriched IMCs became the dominant IMC in 
the self-propagating joint.  
   
   
Fig. 5- 8 TEM morphology and EDX mapping results of the bonding region around the 
SAC305/Cu interface. 
However, despite the micron-sized Ag3Sn grains survived from the reactive 
bonding, the improvements in the concentration of Cu and Ag merely affect the 
formation rate of IMCs in the solder layer but not their composition on the basis of 
EDX results. Even though the amount of Ag-Sn and Cu-Sn IMCs have been 
significantly increased, the related composition data remain almost the same. Thus, the 
variation in the original elemental concentration of solder alloy is confirmed to be 
unable to determine the types of IMC developed in the solder layer. 
On the other hand, the cross-sectional microstructure of interconnection formed 
between Si chips using 25 μm thick Au80Sn20 solder foils, in which Sn becomes the 
secondary element, is figured in Fig. 5-9.  
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Fig. 5- 9 TEM morphology of the cross-section between the NanoFoil and the Si chip in Si-
Au80Sn20-Si joint bonded by 25 μm thick cold rolled Au80Sn20 foils at 100 °C. 
By contrasting the TEM morphology of obtained interconnect with the original 
microstructure of solder foil, it is evident that the Au80Sn20 solder alloy has undergone 
significant changes during reactive bonding. While solder grains with lamellar space of 
20-50 nm are formed, evident boundaries, at which Au atoms are concentrated and the 
orientation of lamellar grains is changed, are generated in the solder layer. In addition, 
differing from the Cu-Sn-Cu and Cu-SAC305-Cu interconnects, large columnar Au-Sn 
grains of several microns are observed at the NanoFoil/solder interface, under which 
scallop-shaped Ni-enriched IMC particles are detected as well. 
Based on the amplified images of the NanoFoil/solder bonding interface in Fig. 5-
10 and related EDX results, the large columnar Au-Sn grains are Au7Sn and Au2Sn, of 
which the total ratio of Au is higher than original solder alloy, and the Ni-enriched IMC 
particles under these grains or in the intergranular region are measured to be (NiSn)2Au. 
However, the interdiffusion between NanoFoil and solder alloy is found to be weakened 
at the same time. The majority of the Ag and Ni atoms from NanoFoil are trapped in 
the columnar Au-Sn grains, and little Au and Sn atoms can be transmitted to the NiAl 
grains. Consequently, the diffusion distance of Ag and Ni elements in the intermediate 
solder layer as well as the thickness of diffusion layer in the NanoFoil are significantly 
reduced.  
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Fig. 5- 10 TEM morphology and EDX mapping results of the bonding region near the 
NanoFoil/Au80Sn20 interface. 
For this restricted diffusion, as the wetting layer on the surface of Si, Au, has the 
same ingredients with the solder alloy, only Au and Sn elements are detected in the 
solder layer near the substrate interface. As demonstrated in Fig. 5-11, the phases 
developed near the UBM layer are all identified to be lamellar Au-Sn alloys, which are 
Au1-2Sn and Au4-5Sn grains based on the EDX results. Additionally, due to the poor 
diffusivity of Ni in Au and Sn, no visible IMC layer or particles can be observed at the 
solder/substrate interface. However, it is also noticed that the average concentration of 
Au element in region near the solder/substrate interface is less than the value of original 
solder alloy, 80%, even though the Au wetting layer has been partially dissolved. Thus, 
if taken the gathering of Au at the NanoFoil/solder interface into consideration, this 
solute reduction suggests the segregation of Au in the self-propagating joint, which is 
also observed for the Cu element in Cu-Sn-Cu and Cu-SAC305-Cu joints.  
 95 
 
    
Fig. 5- 11 TEM morphology of the bonding region near the Au80Sn20/Si interface. 
5.3 Interfacial reactions and phase formation 
According to above experimental results, the formation of phases and interfacial 
reactions are disparate in different regions of the self-propagating joint. Hence, the 
whole reactive bonding process are divided into four parts, the crystallization of Al-Ni 
NanoFoil, interfacial reactions between the NanoFoil and solder alloy, the phase 
formation in the intermediate solder layer, and the interfacial reactions at the 
solder/substrate interface are analysed separately.  
5.3.1 Soldering conditions 
To help understand the interfacial reaction and phase formation process, the 
corresponding temperature and stress profiles developed in above TEM cross-sections 
during reactive bonding are predicted numerically. As illustrated in Chapter 4, the liquid 
solder alloy is forced to fill the cracks inside the NanoFoil and extruded from bonding 
edges under applied pressure, causing a decrease in the thickness of solder layer. Thus, 
to obtain accurate temperature and stress data, the numerical predictions are 
implemented based on the actual thickness of solder layers measured from the TEM 
images. As in the cases of Fig. 5-12 and 5-13, the temperature and stress results of the 
self-propagating joint at different time after ignition are demonstrated, from which the 
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reaction temperature, heating and cooling rate, temperature gradient and von Mises 
stress that determine the dynamic and chemical behaviour of bonding materials at 
different locations can be collected. 
 
Fig. 5- 12 Temperature distribution across the HAZ of Cu-Sn-Cu, Cu-SAC305-Cu and Si-
Au80Sn20-Si cross-sections. 
 
Fig. 5- 13 Von Mises stress field across the Cu-Sn-Cu, Cu-SAC305-Cu and Si-Au80Sn20-Si 
cross-sections. 
According to the temperature data along the thickness direction of these self-
propagating joints (Z-axis), the temperature at the midpoints of NanoFoil is confirmed 
to be the highest during the self-propagating reaction. Even if the cooling is initiated 
from this region in the following cooling stage, the temperature in the Al-Ni NanoFoil, 
especially that at the NanoFoil/solder interface, is still higher than that in remote HAZ 
region for the limited heat conduction in surrounding materials. On the other hand, in 
the x-y plane where the self-propagating reaction front propagates, the local 
temperature decreases rapidly after the reaction front has passed through any specific 
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location in the solder layer, as such the temperature gradient in this plane is in the same 
direction with the moving of reaction front. Under such cases, the liquid solder 
solidifies in a 90~120° angle to the propagation direction of reaction front as the 
temperature gradient along z axis is much larger than that in the x-y plane, as described 
in Fig. 5-14. 
 
Fig. 5- 14 Temperature gradient and solidification direction of materials in the self-
propagating joint after the reaction front has passed through. 
Additionally, the predicted temperature profile suggests that the maximum 
reaction temperature at the interface between the solder layers and substrates can 
exceed 480 ºC in all these joints. From Table 5-1, this temperature is high enough to 
melt all kinds of solder alloys and IMCs involved in the original solder coatings or foils. 
Therefore, all the phases in the solder layer are melt during the reactive bonding, and 
thus the entire solder layer can be regarded as a liquid. 
Table. 5- 1 Melting point of solder alloys and equilibrium IMCs that may exist in the solder 
 Sn SAC305 Au80Sn20 Cu6Sn5 AuSn Au5Sn Ag3Sn 
Melting point 232℃ 218℃ 280℃ 415℃ 419℃ 490℃ 480℃ 
5.3.2 Crystallization of Al-Ni NanoFoil 
During the self-propagating reaction, very little change can be detected between 
the concentration of Vanadium measured from the unreacted and reacted Al-Ni 
NanoFoil. Also, there is no evidence that V segregates at any points during the reaction 
 98 
 
process, or that it can alter the reaction dynamics. Therefore, the 5% V in the NanoFoil 
are not considered for the diffusion and reaction inside NanoFoil.  
According to the TEM characterisations and previous investigations, the 
microstructure changes in the Al-Ni NanoFoil are supposed to be a consequence of the 
peritectic interaction between Al and Ni nanolayers [138, 150-153]. The detailed 
reaction process is illustrated in Fig. 5-15. At any specific position in the NanoFoil, 
once the heat conducted from nearby reacting region arrives at a given point, the solid-
state atomic diffusion is initiated with Ni being the more rapidly diffusing species. This 
atomic mixing enables the interaction between Al and Ni to provide energy to heat up 
the native materials and further accelerates the process. When the local temperature is 
high enough, the Al layers melt. At this stage, the liquid Al layers are most likely still 
aligned parallel to the solid Ni nanolayers. These liquid Al layers provide enhanced 
mobility through convective flow, and thus the atomic intermixing near the Ni 
nanolayers is improved even further. With the progress of the atomic diffusion and 
interaction, higher temperature and accordingly large von Mises stress attaining several 
gigapascals which are far more than the yield strength of either Ni or NiAl alloys are 
developed in the NanoFoil. Under this stress, the solid Ni nanolayers break into pieces 
if any structural vibration or physical shock caused by the convection of liquid Al layer 
occur. Then, to minimize the interfacial energy, the finer Ni pieces are wrapped in the 
liquid Al, and the liquid layers coalesce into thicker volumes. Hence, the reaction area 
between Ni and Al is further enlarged, for which a very high temperature that may 
exceed the melting point of both Al and Ni can be obtained in the NanoFoil. Under such 
situation, even though the Al and Ni nanolayers are deposited in a state far from 
equilibrium, layer by layer alternatively, the high reaction temperature and further 
reduced diffusion distance promotes their intermixing and interaction to approach 
equilibrium state rapidly. 
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Fig. 5- 15 The evolution process of Al-Ni NanoFoil during the self-propagating reaction. 
However, the predicted maximum reaction temperature is still less than the melting 
temperature of NiAl. Thus, while the liquid Al and Ni near the reaction front still 
enhance the diffusion, mixing and thereby interaction, the nucleation and crystallization 
of solid NiAl intermetallic compound are already initiated. Specifically, the V element 
groups existed in Al and Ni nanolayers, and the vacancy and dislocation groups caused 
by the heavy thermal stress provide bases for nucleation. The heat released from the 
self-propagating reaction, the convection, expansion and contraction of liquid Al (Ni), 
and the volume shrinkage of reacted NiAl product supply the energy and structural 
fluctuation in reacting area. Under such conditions, fine solid NiAl IMCs are generated 
between Ni and Al. In the central NanoFoil, solid NiAl shells enveloping liquid Ni are 
developed in the liquid Al since the reaction temperature can exceed the melting point 
of Ni according to the predictions. But in the region near the interface with solder layers, 
as the maximum reaction temperature is predicted to decrease with the rise of distance 
from the midpoint of NanoFoil, NiAl layers grow on the surface of solid Ni pieces. 
In the following reaction and cooling period, the Al and Ni atoms from liquid Al 
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and unreacted Ni pieces diffuse across the solid NiAl alloys continuously to maintain 
the chemical intermixing and interaction, leading to the growth of NiAl layers. Also, 
the developed NiAl particles and Ni pieces surrounded by NiAl shells begin to gather 
and form a unified whole in the liquid Al to minimize the interfacial energy. Thus, 
considering the solid-state diffusion after solidification, all the Ni pieces, residual 
liquids, and NiAl layers/particles in the reacting NanoFoil are transformed into NiAl 
after bonding. But as the inhibiting effect of V on the growth of grains and the formation 
of subboundaries and migration of grain boundaries induced by the dislocations and 
vacancies developed under large thermal stress, the growth of NiAl grains are restricted. 
Therefore, fine equiaxed NiAl grains of nanoscale, as detected in the cross-sections of 
Cu-Sn-Cu, Cu-SAC305-Cu, and Si-Au80Sn20-Si joints, are finally generated in 
NanoFoil after reactive bonding. 
5.3.3 Interfacial reactions between the NanoFoil and solder alloys 
At the interfaces between the Al-Ni NanoFoil and solder layers, diffusion layer 
and interfacial IMC layer of complicated composition and microstructure are formed 
after reactive bonding. From previous predictions, the reaction temperature at this 
interface is less than the melting points of Ni and NiAl, thus the Ni pieces and NiAl 
layers in this region keep solid during bonding. Additionally, the reaction front in 
NanoFoil is confirmed to be at least partially solid at all times for the TEM crystalline 
diffraction patterns [217]. Therefore, the interfacial reaction and the phase evolution 
process after reaction at the NanoFoil/solder interface can be hypothesized to be 
governed by the atomic diffusion at both solid- and liquid- state.  
However, the idea that the formation of the diffusion layer is dominated by purely 
solid-state and liquid-state diffusion is inappropriate as the width of diffusion layer can 
attain 100~200 nm. Even ignoring the barrier effect of the 1 µm thick Ag layer covering 
the NanoFoil, the diffusivity of atoms, i.e. Cu, Sn and Ag, in the NiAl alloy are still too 
small to achieve such large diffusion distances during the reactive bonding. Therefore, 
besides the solid-liquid-diffusion caused by the concentration gradient, another mass 
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transport mechanism faster than liquid-state atomic diffusion is required, for which the 
convective motion of liquid phases is the most likely candidate.  
According to the investigations by J. S. Kim [218], the convective flow of liquid 
is possible as liquid is capable of very rapid convective motion once it forms as a 
separate phase, including beading up on a surface under the influence of surface tension. 
This is especially true on small size scales, since the surface energy driving the motion 
scales quadratically with size, while the mass scales cubically. Thus, at the interface 
between the NanoFoil and the liquid solder, the convective flow of liquid can develop 
due to the formation of separate phases such as NiAl, Cu-Sn IMC, Ag-Sn IMC and 
other potential compounds and alloys. On the other hand, as predicted in Fig. 5-12, due 
to the large temperature gradient in the HAZ, the density of liquid materials may vary 
at different locations of NanoFoil and solder layer. This density difference, along with 
the applied pressure, can also provide the impetus for the convective flow of liquid. 
Therefore, as demonstrated in Fig. 5-16, the observed diffusion layers and IMCs in or 
near NanoFoil are supposed to arise from a complex solid-liquid convective diffusion 
mechanism. 
 
Fig. 5- 16 The convective motion of liquid material under temperature gradient and applied 
pressure during the reactive bonding process. 
During reactive bonding, when the local reaction temperature is high enough at 
some unknown time after the reaction front arrives, the Ni layers break into 
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discontinuous segments of nanoscale thick and are then enclosed by molten Al layers 
to minimize the interfacial energy. At this moment, if the local reaction temperature 
exceeds its melting temperature, which is possible according to the simulation results, 
the Ag begin to melt. Alternatively, the solid Ag wetting layer may also be split apart 
by the heavy thermal stress induced by the mismatched CTEs and convective motion 
of liquid Al and solder alloy. Hence, elements from NanoFoil, Ag wetting layer and 
solder layer begin to spread mutually to each other with the assistance of the liquid-
state interdiffusion and convective flow of liquid Ag, Al and solder alloy across the gaps 
between Ag or Ni segments. With the progress of the self-propagating reaction, this 
enhanced mutual diffusion keeps ongoing spontaneously as long as the local reaction 
temperature is above the melting temperature of Al.  
On the other hand, massive dislocations and vacancies are developed in this region 
during the reactive bonding. As the formation energy of dislocation and vacancy in one 
liquid material is smaller than that in its solid state, for instance, the formation energy 
of vacancy is 0.76 eV in solid Al but is only 0.11 eV in liquid Al, a number of 
dislocations and vacancies are generated in the liquid Al, Ni, Ag and solder alloy during 
the self-propagating reaction. Meanwhile, the heavy thermal stress induced in the 
reacting area also contributes to the development of dislocations and vacancies in NiAl 
and IMC grains. In the following cooling period, the majority of these dislocations and 
vacancies cannot dissolve out from the fluid but have to remain in the solid products. 
Hence, numerous dislocations and vacancies are left in solidified NanoFoil and solder 
layers after solidification.  
Under such cases, both the concentration and diffusion of elements are enhanced 
in NanoFoil and solder layer. Even in the solid NiAl and IMC grains, the atoms from 
external Ag and solder layer are also enabled to occupy the vacancies and substitute the 
native atoms in the lattice through the ‘next nearest neighbour jump’ (NNN) or ‘6-jump 
cycle’ (6JPC) vacancy migration mechanism, as in the cases of Fig. 5-17, with the 
assistance of the energy provided by exothermic reaction [42, 177, 219]. Particularly, 
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as the effective migration energy of Al (0.64eV) is lower than Ni (1.51eV), Al is 
expected to be preferentially replaced by hetero-elements [220, 221]. Thus, external 
atoms can quickly diffuse into the NanoFoil to react with the native Ni pieces and start 
to participate in the nucleation and growth of NiAl, leading to the formation of a deep 
diffusion layer possessing IMCs and NiAl grains containing hetero-elements/Al-
segregations at the interface between NanoFoil and the solder layer.  
 
Fig. 5- 17 The migration of atoms in native NiAl lattice through the ‘next nearest neighbor 
jump’ (NNN) or ‘6-jump cycle’ (6JPC) vacancy migration mechanism [42, 177, 219]. 
However, in the rapid self-propagating reaction process, the melting time of Al 
and solder alloy is too short to complete the interaction between elements and obtain 
phases of the equilibrium state. Yet in the following slow cooling stage, the solid-state 
diffusion is inefficient to accomplish the elemental redistribution of NiAl grains and 
IMCs. Hence, the developed IMCs and grains are all metastable and of nanoscale [222]. 
As shown in the cross-sections of Fig. 5-5, 5-8 and 5-11, (NiCu)Sn, (AuNi)Sn and 
Ni(AlCu) IMCs with a size of tens of nanometres that cannot be found in the 
equilibrium phase diagram are formed at the NanoFoil/solder interface of the bonds 
[223-226]. These metastable phases suppress the formation of stable phase due to their 
smaller nucleation barrier. Thus, owing to the preferential growth of metastable phases, 
no stable phases can be detected at the interface between the NanoFoil and the solder 
layer. After cooling, if no further external energy is provided, the formed metastable 
phases remains stable at the room temperature as the stabilize transition barrier of most 
metastable phases ∆G1>>kT [222, 227-229]. 
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Note that the solid-liquid state diffusion caused by chemical gradient and the 
convective motion of liquid are also confirmed to be critical to the formation of phases 
at the NanoFoil/solder interface based on the experimental and numerical results for 
different bonding applications. As in the Cu-Sn-Cu and Cu-SAC305-Cu bonding cases, 
even under the similar temperature-stress field, the composition of NiAl grains and 
IMCs are different for the change in the elemental concentration of solder alloy. Also, 
the ratio of Sn in NiAl grains decreases in Si-AuSn-Si bonding for the lower 
concentration of Sn in Au80Sn20 solder. These composition differences therefore support 
the hypothesis that the phase evolution process is still governed by the solid- or liquid-
state diffusion. 
The hypothesized solid-liquid-convective diffusion mechanism also offers a 
potential explanation for the distinct distribution of elements in diffusion layer. During 
the self-propagating reaction, the transmission efficiency of atoms toward NanoFoil is 
affected by the atomic density of elements and flow of liquid. For elements having a 
low melting point or light atomic mass, for instance Cu and Sn, the driving force 
required for convection is relatively low. On this occasion, these atoms are more easily 
to flow into the NanoFoil under the convective motion of liquid, for which their solute 
migration distance in solidified NanoFoil are the largest. But, for elements of high 
density or high-melting-point, i.e. Au and Ag from the wetting layer and solder layer, 
the greater weight of atoms and lower mobility of liquid restrict their movement in the 
fluid. Under such situation, the solute migration distances of Au and Ag are relatively 
smaller. From another aspect, the convection of liquid materials decays when 
penetrating the diffusion layer in NanoFoil. This gradually slowed convection, together 
with the chemical gradient caused by the solid-liquid diffusion, may account for the 
difference in the concentration of elements and composition of phases/IMCs along the 
thickness direction of the NanoFoil/solder interface.  
Meanwhile, since the heat conduction and further the cooling velocity of native 
phases are accelerated for this convective motion of the liquid, the NiAl generated 
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between liquid Al and Ni are directionally solidified, leading to the formation of 
columnar dendritic grains at the NanoFoil/solder interface and the segregation of 
different elements. For the solute redistribution at the solid-liquid interface, elements 
that are having lower melting point assemble at the grain boundaries with the directional 
growth of NiAl grains. In the subsequent cooling stage, if the diffusion coefficients of 
these elements are high enough or the atoms can be all consumed by the local reaction 
or crystallization, uniformly distributed solid solution or alloy can be obtained. 
Alternatively, since these excessive residual elements cannot spread out due to the 
blocking effect of developed NiAl grains or IMCs, they are reserved in liquid and be 
left as segregation in the intergranular regions between NiAl grains and IMCs. This 
phenomenon is especially true by contrasting the distribution of Cu and Sn in reacted 
NanoFoil. While more Cu atoms are detected distributing uniformly in NiAl grains after 
solidification, most of Sn atoms that have superior atomic density and diffusion 
activation energy but lower melting point and diffusivity in NiAl remain and gather at 
the NiAl grain boundaries. For the same reason, the majority of the Ag and Au elements 
segregate in the intergranular region. This segregation around NiAl grains and IMCs, 
acting in conjunction with the concentration gradient along the thickness direction 
mentioned above, finally leads to the different distribution of elements in the diffusion 
layer.  
Further in support of the solid-liquid-convective diffusion mechanism, it has been 
noticed that the diffusion layer does not develop in all interface regions, but the area 
and the occurrence probability of the segregation increase with the rise of reaction 
temperature. As shown in Fig. 5-18, the morphology and composition of IMC and 
grains in joints vary significantly when the Si-Au80Sn20-Si joints are bonded under 
different ambient temperature. At 100 ºC, only at some specific locations where the 
loose microstructure takes shape due to the convection or structure fluctuation, the 
external liquid solder or inner Al, Ni can penetrate into each other. However, when the 
joint is bonded at 150 ºC, the diffusion layer becomes distinguishable, and the 
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developed Ni-Cu-Sn IMC becomes discontinuous. Based on this situation, the 
formation of diffusion layer and IMCs through the convective flow of liquid Al and 
solder alloys is validated. Thus, if the local reaction temperature were high enough, the 
enhanced intermixing and interdiffusion between Al and Ni could ensure substantial 
gaps at the interface while the improved fluidity and duration of melting further 
promote the convection of fluids. Hence, the external liquid solder could have a greater 
chance to transmit into the NanoFoil to form the diffusion layer and segregations while 
the developed IMC layer is broken into particles for the relevant convective motion. On 
the contrary, in regions where the local reaction temperature is low or the material 
structure is relatively stable, none diffusion can be observed and merely one continuous 
IMC layer is developed as a result of the continuous diffusion at solid- and liquid- state. 
 
 
Fig. 5- 18 TEM morphology and EDX mapping results of the bonding region near the 
NanoFoil/Au80Sn20 interface in Si-Au80Sn20-Si joint bonded at 150 ºC. 
5.3.4 Formation of phases in the solder layer 
By contrasting the morphology of the intermediate solder layer before and after 
bonding, significant changes have been observed in the microstructure of solder alloy. 
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While the thickness of solder layer reduces, nano-sized phases, including short-term 
ordered Sn grains and metastable Cu-rich and Ag-rich IMCs, are formed across the 
entire solder layer. According to the EDX data, besides the native elements in solder 
alloy, these nanophases also contain atoms which only existed in the NanoFoil and the 
substrate. Therefore, these nanophases should be also resulted from the solid-liquid-
convective element migration process of liquid materials across the entire solder layer. 
According to previous numerical simulations, whatever the duration of melting 
and temperature gradient are, the maximum reaction temperature in the intervening 
solder layer can exceed the melting point of every native equilibrium phases existed in 
as-prepared solder films. Thus, not only the solder alloy and the Ag layer on the 
NanoFoil but also the IMCs, such as Cu6Sn5 and Ag3Sn in Sn-based solder film and the 
AuSn and Au5Sn in Au80Sn20 solder layer, are melt during the self-propagating reaction 
process. For this reason, with the assistance of the convective flow of liquid materials 
under the temperature gradient and pressure applied to the joint, Ag atoms that only 
existed on the surface of NanoFoil are observed in pure Sn solder even near the Cu 
substrate, and Cu atoms that can be only found in Cu6Sn5 IMC layer and substrate are 
detected at the interface between the solder layer and the NanoFoil.  
On the other hand, the short-term ordered alignment of solder grains may be 
attributed to the directional solidification of the solder layer [230, 231]. Owing to the 
large temperature gradient and rapid cooling, the solute profile in the mushy zone and 
the inner liquid solder alloy ahead of the dendritic array is expected to be stable as the 
solute enrichment in the interdendritic region causes a decrease in the melting 
temperature and further promote the flow of liquid. In such case, the vertical growth 
along the temperature gradient will be favoured since the growth of secondary dendrites 
are suppressed, producing the columnar dendritic solder grains and the segregations 
with higher solute concentration at the interdendritic area. Also, for the solute trap effect 
and non-equilibrium solute redistribution during rapid cooling, the Cu-rich and Ag-rich 
metastable phases can also be detected in the dendritic grains [232, 233]. 
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However, the segregation of elements at the hot end is unexpected. According to 
the classic rapid solidification theory, the degree of irregularity of composition and 
segregation should be greatly reduced due to the non-equilibrium redistribution of 
solute or the solute trap effect. Through the comparative analysis of TEM morphologies 
and numerical predictions, this unique arrangement of phases is supposed to be caused 
by the directional flow of liquid solder under the temperature gradient.  
For instance, in Cu-Sn-Cu and Cu-SAC305-Cu joints, once the local reaction 
temperature is lower than the melting point of any phases during the exothermic and 
cooling period, the solidification process is initiated. Under such condition, the phases 
having a higher melting point, i.e. the Cu-rich, Ag-rich, and Ni-rich IMCs or pure 
elements, may solidify at first in the region near the substrate for the lower temperature. 
Hence, solid IMCs or metals are separated out from the liquid solder alloy and begin to 
flow with the convective fluid. However, the temperature in the inner solder layer may 
be still high at the same time. Thus, the solid phases transmitted to the inner solder layer 
melt again. Although a portion of them is sent back to the original region by the 
convective motion of fluids, most of these high-melting-point phases are trapped in the 
high-temperature region, leading to the segregation of high melting point phases at the 
hot end. With the progress of cooling, as the reaction temperature at the hot end also 
drop down to below their melting temperature these phases are solidified again and 
gathered together automatically to form large size high-melting-point particles or bands 
to minimize the Gibbs free energy between solids with surrounding low-melting-point 
liquid. As a consequence, Cu-enriched layer is generated on the surface of the reacted 
NanoFoil. At the same time, since the enrichment of low-melting-point solute in liquid, 
the inverse segregation phenomenon caused by the solidification contraction is also 
favoured [234-236]. The negative pressure between the columnar dendritic solder 
grains developed from substrate draws the high solute low-melting-point liquid along 
the interdendritic channels towards the cooled interface at the substrate side, producing 
a higher solute concentration in the region near the bonding substrates.  
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For the same reason, segregation of Au and inverse segregation of Sn are also 
observed in the Si-Au80Sn20-Si self-propagating joint. As Au becomes the primary 
element in solder alloy, phases that involving more Au solidify at first for their higher 
freezing point once any concentration or structural fluctuation occurs in the liquid 
solder layer. Under the convection of liquid solder and the temperature gradient across 
the solder layer, these Au-rich phases flow towards the high-temperature region and 
solidify near the NanoFoil, leading to the segregation of Au element and formation of 
Au-enriched solder grains. In the solder layer near the bonding substrates, due to the 
inverse segregation, lamellar Au-Sn alloys enriched with Sn are developed. Note that 
due to the higher reaction temperature and early crystallization of Au-rich phases, the 
size of Au-enriched grains at the NanoFoil interface are much larger than the Au-Sn 
grains formed near the substrate. 
Finally, being same with the metastable IMCs formed in the near-surface region 
of the NanoFoil, nano-sized and metastable IMCs are also generated in solder layer for 
the rapid soldering process of self-propagating reactive bonding. The numerous 
vacancies and dislocations in liquid and solidified solder layer enhance the nucleation 
but restrict the growth of grains for their pinning effect [237, 238]. In addition, because 
of the rapid cooling and insufficient solid-liquid state diffusion, the concentrations of 
the element cannot attain the thermodynamic equilibrium state. Therefore, metastable 
phases with a size of tens of nanometres, such as CuSn2, AgSn, and Au2Sn which are 
different from that formed under equilibrium conditions, are generated and reserved in 
the self-propagating joint, as has been observed by Haimorich [239]. 
5.3.5 Interfacial reactions at the solder/substrate interface 
As predicted in chapter 4 and Fig. 5-9, both reaction temperature and duration of 
melting are reduced at the solder/substrate interface. Thus, the convective flow of liquid 
solder alloy is restricted for the shorter flowing time and improved viscosity of solder 
alloy. In addition, since the melting temperature of the substrate material is normally 
higher than the reaction temperature, the substrate materials keep solid during the 
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reactive bonding. Under such conditions, the interfacial reactions at the solder/substrate 
interface are essentially the solid-state interdiffusion between the solder layer and the 
substrate. Even this solid-state diffusion may be enhanced by the convective flow of 
liquid solder alloy, the diffusion is still relatively insufficient as such the diffusion 
region in the substrate is limited in a narrow area. 
In Cu-Sn-Cu and Cu-SAC305-Cu joints, the interdiffusion between the solder 
alloy and the substrate causes enrichment of Cu atoms in liquid solder and thus the rise 
of melting point. Hence, the solder in the near-surface region may solidify even if the 
reaction temperature is still higher than its melting point. In the subsequent cooling 
stage, while most of the solidified solder are taken to the hotter region through the 
convection of liquid solder, a little part of it are reserved at the Cu interface, leading to 
the formation of a metastable IMC layer. This metastable IMC layer prevents the direct 
contact of liquid solder with the substrate, and thereby the solid-state diffusion between 
the solder layer and the substrate is further weakened. Under such condition, 
considering the short melting time of solder layers, a thinner IMC layer, when compared 
to joint bonded by traditional bulk heating methods, is developed at the solder/substrate 
interface for the insufficient solid-state diffusion. On the other hand, the solid-state 
diffusion of Cu element is restricted at the same time, and the diffusion distance of Cu 
atoms is reduced. For this reason, a concentration gradient is developed in metastable 
IMCs, resulting in the stratified microstructure of IMC layer. From the EDX results, 
beside of the Sn-enriched IMCs (CuSn2 or Cu2Sn3) generated on the top, one Cu-
enriched IMC layer (CuSn or Cu2Sn) is formed between the Sn-enriched IMCs and the 
Cu substrate. Finally, upon the completion of reactive bonding, as no further external 
energy is provided, these metastable IMCs are reserved and remain constant at the 
interface between the solder and the substrate. A similar process also happens in Si-
Au80Sn20-Si joint. But due to the low diffusivity of Ni and the top Au layer which is the 
same ingredient with the solder alloy, no Ni-enriched IMCs can be observed. 
In the substrate material, the refinement of Cu grains is observed. This refinement 
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may be caused by the high reaction temperature that exceeds the recrystallization 
temperature, and the heavy stress greater than the yield strength of Cu induced by 
during the self-propagating reactive bonding. Under this large thermal stress, severe 
plastic strains are generated in Cu substrate, causing the lattice distortion of grains. 
Then, once the boundary migration barrier is surpassed with the energy provided by the 
exothermic reaction of NanoFoil, the vacancies start to migrate and further transform 
into dislocations or even dislocation loops in the substrate [240, 241]. These 
dislocations pin in the grains and further promote the lattice distortion of native Cu 
grains. If the distorted lattice match or the metallic bond rupture at any point, the 
migration of grains boundaries or the formation of subgrain boundaries will be initiated. 
Additionally, as the solid-state diffusion occurring in the substrate, Sn atoms from 
solder layer are also transferred into the Cu grains. These diffused Sn atoms are 
captured by the developed vacancies and dislocations and then crystallize at the local 
region, which further enhances the formation and extension of subgrain boundaries 
[242]. Thus, the original Cu grains existed in the substrate is refined. Note that as the 
solid-state diffusivity of Sn is insufficient even considering the convective motion of 
liquid solder, the diffusion layer in the surface region of Cu substrate is constrained in 
a narrow 300 nm region, in which the average concentration of Sn is confined to be less 
than 1.5%. Also, in Si-Au80Sn20-Si joint, since the melting temperature and yield 
strength of Ni and Si is even higher, no visible grain refinement can be observed in the 
UBM layers or the Si substrate.  
5.4 Conclusion 
In this chapter, the interfacial reactions and formation process of phases in the Cu-
Sn, Cu-SAC305 and Si-Au80Sn20 self-propagating joints are analysed and compared. 
According to the simulation and TEM results, the local material in the reacting 
NanoFoil will travel through a purely thermal trajectory in forms of convective liquid, 
for which the sollid-liquid-convective diffusion mechanism is proposed to illustrate the 
formation of unique microstructure and phases in the self-propagating joint. Due to the 
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short diffusion distance and rapid cooling, equiaxed NiAl alloys are formed in the 
reacted NanoFoil. Also, metastable IMCs and diffusion regions are developed at the 
bonding interfaces for the solid-liquid-convective diffusion between liquid solder and 
NanoFoil or substrate. In the solder layer, nano-sized metastable phases with an ordered 
distribution are formed, which, it is speculated, can be traced to the rapid and directional 
solidification. Moreover, as the high reaction temperature and the large thermal stress, 
severe recrystallization and grain refinement may occur in the substrate.  
These interpretations reveal unexpected complexity in the soldering dynamics of 
reactive bonding. Although these interpretations have not been validated due to the 
limitation of equipment and detection technology for characterizing the rapid melting 
and reactions between materials in nano-scale, they can still be used to predict the 
interfacial reactions and microstructure developed in other self-propagating bonding 
systems.  
In addition, by comparing the microstructure of these self-propagating joints, the 
optimition methods to improve the bonding process can be deduced, including: 
i) During the short solid-liquid-convective diffusion period, the increase in the 
mobility of the liquid solder and the diffusivity of elements is beneficial to form thicker 
diffusion region, fill the defects in the solder layer, and further enhance the bonding 
force at the interfaces. Hence, it is beneficial to use high ambient temperature, large 
pressure, low-melting point solder alloys or increase the ratio of highly diffusible 
elements in the solder layer during reactive bonding. For example, the SAC305 solder 
alloy is more suitable to bond the Cu-based components through reactive bonding than 
pure Sn, as its melting point is relatively lower and elemental ratio of Cu is higher which 
can improve the mobility of liquid solder and the interdiffusion at bonding interfaces 
under the same technical conditions. Also, by using high ambient temperature, the 
diffusion region in the Si-Au80Sn20 joint is much enlarged. 
ii) To minimize the thickness of IMCs formed between the solder and the substrate, 
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the ratio of elements which is required to form IMC in the solder alloys should be 
reduced. For instance, the interfacial IMCs formed at the solder/substrate interface of 
the Cu-SAC305 self-propagating joint is thinner than that developed in Cu-Sn joint.  
iii) UBM layers can be prepared on the surface of substrate to avoid the grain 
refinement of substrate and prevent the excessive growth of interfacial IMC, like in the 
Si-Au80Sn20 self-propagating joint.  
iv) The microstructure of the solder layer can be controlled by adjusting the 
material structure and technical condtions utilized for reactive bonding, as the change 
in the temperature field, particularly the maixmum reaction temperature, duration of 
melting and temperature gradient, can significantly affect the flow and crystalization 
behaviour of solder alloys and IMCs. For instance, the directivity of the solder grains 
formed in the Si-Au80Sn20 joint is weaker than that in Cu-based joints as the temperature 
gradient across the solder layer is reduced for the relative poorer heat conductivity of 
Si than Cu. Thus, by improving the temperature gradient in the HAZ, it is possible to 
form grains and IMCs with completely directional arrangement through reactive 
bonding, which can enhance the thermal and electrical properties as well as the shear 
strength of the obtained self-propagating joint. 
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Chapter 6. Formation of solder interconnects and 
affecting factors 
6.1 Introduction 
In the field of electronics manufacturing and packaging, the most widely used 
substrate materials are Si, Cu and Al. They has been utilized for the fabrication of nearly 
all the electronic components and devices, for instance, chips (Si), pads and wires on 
the PCBs BGAs and SOPs (Cu), as well as the connectors and heatsinks (Al). 
Meanwhile, depending on the type of application, various solder alloys such as indium 
(In), Sn, Sn63Pb37, SAC305, Au80Sn20, and Zn-5Al are required to form solder 
interconnections among chips, BGAs, PCBs and other related components. Thus, to 
enable its widely application in the electronics manufacturing and packaging field, the 
self-propagating reactive bonding technique has to be capable of joining components 
with above substrates and solder alloys. 
 However, when different materials are utilized for reactive bonding, the quality 
and reliability of obtained self-propagating joint will vary significantly as the wetting, 
soldering conditions and interfacial reactions are changed. Moreover, as illustrated in 
Chapter 4, the variation of technical conditions, such as the dimension of joint, 
preheating and pressure applied to the bonding structure, can also affect the soldering 
conditions in the self-propagating joint. Hence, to evaluate the feasibility of reactive 
bonding technique, a series of bonding experiments have been implemented in this 
chapter using the substrates and solder alloys mentioned above under different technical 
conditions. Through the comparative analysis of the experimentally characterized 
bonding quality of obtained joints and the related numerical predictions, the feasibility 
of self-propagating reactive bonding technique in different applications, and the criteria 
and optimisation methods to form reliable interconnection will be elaborated.  
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6.2 Self-propagating interconnects formed by various materials 
In this part, the cross-sectional morphology and fracture modes of self-propagating 
joints bonded using various solder alloys and substrates are studied in detail. 
Particularly, the porosity data of obtained joints is measured through the CSAM 
technology from the top of the bonding structure to facilitate further strength analysis. 
According to ultrasonic reflection theory, when ultrasound meets substances with 
higher acoustic impedances (Z), a positive wave will initiate. On the contrary, a negative 
wave will be obtained when meets substances having lower Z. Moreover, if the 
ultrasound reaches deep cracks, no reflection could be achieved. Therefore, according 
to the Z values of different materials, the solder alloys, IMCs, reacted NanoFoil and 
defects in self-propagating joints could be distinguished [210]. 
6.2.1 Bonding of Cu components 
Cu interconnect bonded by Sn63Pb37 solder alloy 
Lead-rich solder alloys, such as Sn60Pb40 and Sn63Pb37, had been extensively used 
in electronic packaging for their low melting point, good wettability and high-quality 
bonding at a low cost. Thus, the Cu self-propagating joint bonded by 25 μm thick 
Sn63Pb37 solder foils are investigated at first. 
Figure 6-1 shows the cross-sectional morphology of Cu-Sn63Pb37-Cu joints 
bonded at the room temperature. Except several voids and cracks in the solder matrix, 
high-quality interconnection has been obtained between Cu components when using 
Sn63Pb37 solder alloy for joining. Also, from the enlarged morphologies in Fig. 6-1 b~c, 
Pb-rich phases of uniform distribution are formed in the solder layer, and the interfacial 
IMC layer at the interface between Sn63Pb37 and Cu substrate is evident.  
However, compared to the traditional reflowed joint (Fig. 6-1b) bonded using the 
same 25 μm-thick Sn63Pb37 solder foils and 1 mm-thick Cu boards with the typical 
reflow soldering parameters (average heating rate is 3 ºC/s, preheating temperature and 
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time is 100 ºC for 60 s, reflowing for 90 s with temperature up to 225 ºC and cool down 
to room temperature with average cooling rate of 6 ºC/s), the microstructure and 
composition of the phases and IMCs formed in the joint are evidently different. In the 
reflowed Cu-Sn63Pb37-Cu joint, the interfacial IMC layer is of a two-layer structure. 
Beside the 3 µm thick scalloped Cu6Sn5 IMC on the top, a 300 nm thick flat Cu3Sn 
IMC layer is also generated between the Cu6Sn5 and Cu substrates. But in the self-
propagating joint, even though the reaction temperature across the entire solder layer is 
predicted to be far higher than the melting point of Sn63Pb37 solder alloy, the developed 
IMC layer is thin and single-layered. Also, according to the EDX results, these Pb-rich 
phases and IMC layers are all metastable. 
 
    
 
Fig. 6- 1 Cross-sectional morphologies of Cu-Sn63Pb37-Cu joint, where a) is the morphology 
of overall bonding area, b) and c) are the enlarged microstructure, and d) is the bonding 
interface in corresponding reflowed joint. 
As discussed in Chapter 5, this difference in the thickness and composition of 
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developed IMC layer is associated with the distinct soldering conditions of two bonding 
methods. During the reflow bonding process, the duration time of melting of solder is 
long enough, 30~90 s, to guarantee the formation and growth of Cu6Sn5 phase. Hence, 
a thick Cu6Sn5 IMC layer generates at the bonding interfaces. This developed Cu6Sn5 
layer further blocks the diffusion of Sn atoms towards the Cu substrates such that a flat 
Cu3Sn IMC layer is formed between Cu6Sn5 and Cu due to the decrease in the 
concentration of Sn atoms in the later growth period. But during reactive bonding, the 
rapid heating and cooling process restricts the diffusion and interfacial reaction between 
elements, leading to the thin and metastable IMCs developed after joining. 
The CSAM result of the Cu-Sn63Pb37-Cu interconnect is illustrated in Fig. 6-2. The 
phases and defects in the bond have been clearly distinguished, where the black regions 
are cracks, red parts are voids, and yellow and white areas represent solder alloys and 
IMCs, respectively. Thus, the porosity of the Cu-Sn63Pb37-Cu self-propagating joint is 
verified to be caused by the big void in the central bonding region and the extrusion-
induced cracks generated at the edges of joint, which can only account for 8.7 % of the 
total bonding area. Under such situation, robust joint with shear strength larger than 40 
MPa can be achieved between Cu components through the reactive bonding using 
Sn63Pb37 solder alloy. 
   
Fig. 6- 2 CSAM result of the Cu-Sn63Pb37-Cu self-propagating joint, which is observed from 
the top of the bonding structure. 
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Cu interconnect bonded by Sn 
The cross-sectional microstructure of Cu-Sn-Cu self-propagating joint bonded by 
25 µm thick Sn solder layers is demonstrated in Fig. 6-3. Similar to the typical Cu-Sn-
Cu joint described in last chapter, the intermediate solder layer has been melted to wet 
and further bond the substrate. Thus, interfacial IMCs of hundreds of nanometres are 
formed at both NanoFoil/Sn and Sn/Cu interfaces, indicating the metallurgical 
interconnection between Cu components. Also, due to the extrusion of liquid solder 
under applied pressure, sizable voids, even cracks, are formed at the edges of the bond. 
    
Fig. 6- 3 a) Overall morphology, and b) and c) enlarged microstructure of Cu-Sn-Cu joint. 
As presented in Fig. 6-4, the CSAM results suggest that the types and distributions 
of defects formed in the Cu-Sn-Cu joint are evidently different when compared to the 
Cu-Sn63Pb37-Cu interconnect. As the duration of melting is predicted to decrease in Cu-
Sn-Cu bonding for the elevated melting temperature of solder, the voids inside the 
solidified solder layers and gaps within the reacted NanoFoil become the primary 
defects. The amount of defects is also increased for the same reason. According to the 
statistic results, the area of defects can account for 10 %~40 % of the total bonding 
region. Thus, the strength and reliability of the Cu-Sn-Cu joint will be significantly 
reduced. However, although the porosity is such high, the shear strength of the Cu-Sn-
Cu joint can still attain 37 MPa. Therefore, it is possible to achieve robust bonding with 
higher strength and good reliability if appropriate optimisation could be applied to 
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prevent the formation of defects.  
   
Fig. 6- 4 CSAM results of Cu-Sn-Cu self-propagating interconnects, which is observed from 
the top of the bonding structure. 
Cu interconnect bonded by Indium 
When performing reactive bonding of Cu components using In solder, no reliable 
interconnect could be obtained. As demonstrated in Fig. 6-5, although the soldering 
conditions, especially the temperature profile, have been improved because of the lower 
melting temperature (157 ºC) and higher heat conductivity (81.8 W/m*K) of In, large 
voids and cracks are observed not only at the bonding interfaces but also in the 
intermediate solder layer. Thus, both shear strength and reliability of the Cu-In-Cu joint 
are extremely low. 
 
Fig. 6- 5 Cross-sectional morphology of Cu interconnect bonded by 25 µm thick In. 
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In all of our attempts, even if high preheating temperature and pressure are applied 
during bonding, the porosity of obtained joint is still high, and no interfacial IMCs can  
be detected at the interface of In with the substrate. Also, from the shear strength tests, 
the shear strength of obtained Cu-In-Cu joints are all less than 1Mpa, and the related 
fractures are all initiated from the interface between solder layers and substrates. This 
low strength and completely interface fracture is far from reliable to assure the 
interconnection between Cu components. Therefore, the self-propagating reactive 
bonding is proved to be not suitable for joining Cu components using indium solder. 
Cu interconnect bonded by SAC305 
The cross-sectional morphologies of Cu interconnect bonded with 25 μm thick 
SAC305 solder foils are illustrated in Fig. 6-6. As discussed in Chapter 5 and shown in 
Fig. 6-6a, the Cu, Ag and Sn elements from intermediate SAC305 solder layers can 
transfer into and react with the NanoFoil and Cu substrate during reactive bonding 
through the solid-liquid-convective diffusion. Hence, metastable interfacial IMCs of 
nanoscale are generated at both NanoFoil/SAC305 and SAC305/Cu bonding interfaces, 
which also differ from that formed in traditional reflow process [243] (Fig. 6-6b), 
indicating the formation of a reliable metallurgical interconnection.  
  
Fig. 6- 6 Cross-sectional microstructure of Cu-SAC305 interconnects bonded through a) self-
propagating reactive bonding and b) traditional reflow process [243]. 
On the other hand, from the CSAM result, it can be found that the types of defects 
developed in the Cu-SAC305-Cu joint have also been changed. As demonstrated in Fig. 
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6-7, while most of the gaps inside NanoFoil are filled with the solder alloy, the relatively 
sizable voids and cracks at the interface between SAC305 foils and Cu substrates 
become the primary defects. Due to these significant flaws, the obtained Cu-SAC305-
Cu joints become very weak when bonding at the room temperature or under low 
pressure, of which the shear strength is less than 2 MPa. Only if high processing 
temperature or pressure, i.e. 150 °C or 2 MPa, could be utilized for bonding, the large 
cracks and voids at bonding interfaces can be filled or avoided. Accordingly, reliable 
joints with shear strength over 40 MPa can be achieved.  
   
Fig. 6- 7 CSAM result of the Cu-SAC305-Cu self-propagating joint bonded at the room 
temperature, which is observed from the top of the bonding structure. 
Cu interconnect bonded by Au80Sn20 and Zn-5Al solder alloys 
To investigate the feasibility of self-propagating reactive bonding in the packaging 
of high-power electronics, Cu joints bonded by high melting temperature solder alloys, 
i.e. Au80Sn20 and Zn-5Al, are also analysed. However, although the reaction 
temperature at both bonding interfaces can be improved to exceed the melting 
temperature of these two kinds of solder alloys by elevating the ambient temperature, 
all the joining attempts fail. Particularly, in the bonding trials using Zn-5Al solder alloy, 
due to the oxidation layers formed on the surface of solder layers, no any wetting or 
interaction evidence can be detected between the solder layer and Cu substrate. Thus, 
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there is no interconnection formed after reactive bonding. Even if the inert atmosphere 
and pre-pickling based on diluted hydrochloric acid or nitric acid were implemented, it 
is still very hard to improve the strength of joint. Therefore, the self-propagating 
reactive bonding is proved to be not suitable for joining Cu components using Au80Sn20 
and Zn-5Al solder alloys. 
6.2.2 Bonding of Al components 
After the bonding trials for Cu components, the self-propagating reactive bonding 
of Al, which is always used as the base substrate and heat sink, are also investigated. 
When directly bonding Al components in air, the Al2O3 oxidation layers developed on 
either surface of Al obstruct its wetting by solder alloys, thereby every joint fail. To 
solve this issue, the Al components are cleaned and then covered with an anti-oxidation 
Zinc layer through the ‘two-times zinc immersing’ process. Additionally, as the 
wettability of solder alloys on Zinc is poor, another Ni layer is electroplated above the 
Zinc layer. Therefore, the joining of Al components can be essentially regarded as the 
interconnection with deposited Ni layers if the change of the stress were not considered. 
 
   
Fig. 6- 8 Cross-sectional morphology of a) overall Cu-Sn-Al joint, b) bonding region between 
Al and Cu, and c) delamination region between Ni coating and Al substrate. 
The cross-sectional microstructure of Cu-Sn-Al interconnect are presented in Fig. 
6-8. Compared to the Cu-Sn-Cu bonding, fewer defects can be observed in the 
intermediate solder region between the NanoFoil and Al substrate. According to the 
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related numerical prediction, both maximum temperature and duration of melting of the 
solder layer are improved for the decrease in the density and thermal conductivity of 
the substrate. In addition, nano-sized metastable Ni-Sn IMCs are also formed at the 
Sn/Ni interface (Fig. 6-8c), proving the formation of a metallurgical bonding. However, 
a significant delamination has occurred between the Ni coating and Al substrate. This 
delamination reduces the adhesion force between Ni layer and Al component, and 
accordingly leading to the easy failure of the Cu-Sn-Al bond during the strength test. 
Thus, the strength of Cu-Sn-Al bond is greatly reduced when compared to Cu-Sn joint.  
  
Fig. 6- 9 CSAM result of the Cu-Sn-Al self-propagating joint, which is observed from the top 
of the bonding structure. 
The delamination is also confirmed by the CSAM result. As described in Fig. 6-9, 
large red region, which accounts for more than 70% of the total joining area, is detected. 
Also, from the shear tests, the shear strength of all the Cu-Sn-Al interconnects cannot 
exceed 5 MPa even with optimum technical conditions. Once any external force is 
applied to the side face of the Al component, every bond fractures easily from the 
interface between Ni coating and Al substrate. Therefore, due to this delamination and 
correspondingly low bonding strength, the self-propagating reactive bonding method is 
not appropriate to join Al-based components. Note that this delamination is also noticed 
by J. Wang [60], and takes place whatever the solder alloy and thickness of Ni coating 
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are utilized for bonding. On this occasion, only if a more effective UBM or surface 
treatment technique can improve the bonding force between the Al component and the 
coating layer, so that strong Al bonding can be achieved by reactive bonding technique. 
6.2.3 Bonding of Si chips 
Si chips bonded by Sn and SAC305 solder alloys 
Fig. 6-10 describes the cross-sectional microstructure of Si-Sn-Si and Si-SAC305-
Si joints. Different from that discussed in Chapter 5, evident interfacial IMC layers are 
generated at both bonding interfaces of these two kinds of self-propagating 
interconnects. Particularly, as the Au coating layer (50 nm) deposited on the top surface 
of UBM coatings is so thin that it has been entirely consumed during the reactive joining 
process, Ni-enriched IMCs are formed at the interface between solder layer and UBM 
coatings for the diffusion and interaction of liquid solder with Ni after the Au layer has 
been depleted.  
On the other hand, as the density, heat capacity and thermal conductivity of Si is 
lower than Cu, the temperature profile across the bonding region, especially at the 
solder/Si interface, is significantly increased. This improved temperature profile further 
enhances the wetting, flowing and filling of liquid solder. Hence, the volume-shrinkage-
induced gaps within NanoFoil and the contraction-induced voids in the intermediate 
solder layers are better filled. As a consequence, the porosity of obtained interconnect 
is greatly reduced, for which their strength should be increased accordingly.  
  
Fig. 6- 10 SEM morphologies of a) Cu-Sn-Si and b) Si-SAC305-Si self-propagating joints. 
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However, during the shear test, the Si chips break into pieces easily due to their 
brittleness once the tension force is over 10 MPa. Thereby, no accurate strength data or 
fracture surface have been obtained. But from another perspective, the fracture of Si 
also suggests the high strength of these interconnects. Therefore, through reactive 
bonding technique, Si chips can be reliably joined using Sn and SAC305 solder alloys. 
Si chips bonded by Au80Sn20 solder alloy 
When using 25 μm thick Au80Sn20 solder foils as the intermediate solder layers, 
the achieved self-propagating joint may be unreliable if it is joined at the room 
temperature. Except a small part, the majority of the bonding area is of non-wetting. 
For this reason, the obtained Si-Au80Sn20-Si joint fractures easily from the 
solder/substrate interface in the shear test, of which the shear strength is merely 0.5 
MPa.  
  
Fig. 6- 11 SEM and CSAM results of the Si-Au80Sn20-Si interconnect, in which the porosity is 
observed from the top of the bonding structure. 
However, if the bonding were performed at the elevated ambient temperature, for 
instance at 150 ºC, robust interconnects can be achieved, as in the case illustrated in 
Chapter 5. From the SEM and CSAM results shown in Fig. 6-11, except the voids 
formed at the bonding edges for the extrusion, the gaps within the NanoFoil and the 
defects inside the solder layers are better filled. Hence, excellent solder joint with nearly 
not crack or void has been obtained through reactive bonding, of which the shear 
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strength should be stronger than the Cu-Sn-Cu and Si-Sn-Si bonds for the lower 
porosity and higher mechanical capacity of Au80Sn20. Note that the accurate strength 
data and fracture surface are still hard to be obtained as the brittle Si chips break into 
pieces under applied shear force. 
Si chips bonded by Zn-5Al solder alloy 
As discussed above, when using Zn-5Al solder alloy for joining, the severe oxides 
(ZnO and Al2O3) formed on its surface exhibit high melting point and poor wettability, 
preventing the wetting and interfacial reactions of Zn-5Al with the substrate. However, 
through reactive bonding, the interconnection between Si chips can be successfully 
achieved by Zn-5Al solder alloy if the Au/Ni UBM coatings have been deposited on 
the surface of substrates.  
  
  
Fig. 6- 12 Morphology of the Si interconnect bonded by 25 μm thick Zn-5Al solder films at 
150 ºC, where a) and b) are the SEM images of the bonding region, c) is the TEM 
morphology, and d) represents the original microstructure of Zn-5Al solder layer. 
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The cross-sectional morphologies of Si joints bonded by Zn-5Al solder alloy are 
demonstrated in Fig. 6-12. The metastable interfacial IMC layers at bonding interfaces 
are observed. According to the related EDX data, the developed IMCs are verified to 
be Ni-Zn alloys at the Zn-5Al/NanoFoil interface, and Ni-Zn-Au alloys at the Zn-
5Al/UBM interface. Also, by contrasting the microstructure of solder layers before and 
after joining, the solder layer has been confirmed to melt across its entire thickness 
during reactive bonding. This melt, together with the developed interfacial IMCs, thus 
proves the metallurgical bonding between Si substrates. However, due to the oxidation 
during bonding and the voids and oxides in the as-prepared solder foils (Fig. 6-12d), 
massive voids and cracks are generated inside the intermediate solder layer. These voids 
and cracks may lead to the reduction in the bonding reliability, even failure. 
But from the results of following shear tests, the shear strength of obtained Si-Zn-
5Al-Si interconnects are still higher than that of Si chips. Therefore, the Au-Ni UBM 
structure is proved valuable to overcome the wetting and bonding issues for the Zn-5Al 
solder alloy. Based on this finding, the interconnection between Cu and Al components 
can also be realized by Zn-5Al solder alloy if preparing the same UBM coatings on the 
surface of the components to be bonded. 
6.2.4 Defects in achieved self-propagating joints 
According to the microstructural morphology of self-propagating joints bonded 
using different solder alloys and substrates, the main defects in obtained self-
propagating joints can be classified into five categories, the voids inside the 
intermediate solder layer, gaps within the NanoFoil, defects at the bonding edges, 
defects at the bonding interfaces, and the delamination of UBM coatings. The typical 
morphologies of these five kinds of defects are presented in Fig.6-13. Thus, based on 
their locations and forming conditions, the formation mechanisms of these defects are 
analysis as follows. 
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Fig. 6- 13 The typical morphologies of five types of defects formed in the self-propagating 
joint, including a) voids inside solder layer, b) gaps within the NanoFoil, c) defects at the 
bonding edges, d) and e) defects at bonding interfaces, and f) delamination of UBM coatings. 
The voids inside the intermediate solder layer are due to the contraction of solder 
alloy and the air trapped in the bonding structure [244]. During the rapid cooling stage, 
while the liquid solder expanded in the previous heating stage contract to its original 
size, the corresponding volume change is constrained by surrounding solid substrates 
and solidified solder alloys, as such plenty of shrinkage-induced cavities are generated. 
Meanwhile, the residual air trapped inside the solder layers and at the interfaces 
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between different materials when rolling and stacking cannot escape from the enclosed 
bonding structure and thereby mixed into the liquid solder through the convective flow, 
thus also contributes to the formation of voids. Under such cases, massive voids develop 
in the solder layer, especially in the region near the bonding interfaces between 
materials.  
The formation of gaps within the NanoFoil is associated with the volume 
shrinkage of Al-Ni NanoFoil which is caused by the self-propagating reaction between 
Al and Ni nanolayers for forming NiAl alloys. As has been illustrated in Chapter 2, 
cracks are generated between the reacted Al-Ni fragments. A part of these cracks can 
be filled by the molten solder through the convective flow in the solder layer, but for 
cracks in narrow regions or possessing irregular shapes, the liquid solder cannot surpass 
the surface tension barrier to filling them before solidification. In the following cooling 
stage, these cracks are further enlarged because of the contraction of materials, resulting 
in the formation of gaps within the Al-Ni NanoFoil after reactive joining. 
On the other hand, the voids and cracks at the bonding edges are attributed to the 
extrusion of liquid solder during reactive bonding. Under the applied pressure, the 
higher mechanical freedom at the edges of joint promotes the flow and extrusion of the 
molten solder alloy. Hence, large holes may generate in these regions as the liquid 
solder transmitted from internal solder layer is insufficient to fill fully the extrusion-
induced cavities. Thus, after solidification, sizable voids and even cracks are formed at 
the edges of self-propagating joint. 
The fourth type of defects at interfaces between different materials is resulted from 
the air and oxides that may exist on the surface of materials and thus the worsened 
wetting conditions. For these possible air and oxide layer, additional energy is required 
to enable the liquid solder to overcome the surface tension barrier to wet the NanoFoil 
and substrate. For this reason, the soldering conditions, exactly the temperature profile, 
which was able to assure a robust joining between materials become insufficient. Hence, 
voids and cracks are formed at interfaces between different materials in the self-
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propagating joint as a result. This phenomenon is evident true when using solder foils 
for bonding. As presented in 6.2.1 and 6.2.3, a large amount of defects may develop for 
the additional interface between the solder layer and the substrate, where the reaction 
temperature and duration of melting is the lowest in the solder layer. Under such 
situation, the self-propagating interconnection becomes unreliable if no preheating or 
pressure was applied, leading to the easy failure of the obtained solder joints.  
The fifth type defects, cracks or delamination between UBM coatings and the 
substrate, are caused by the mismatch of CTEs. As predicted in Chapter 4, thermal stress 
exceeding the yield strength of every bonding material is induced at the solder/substrate 
interface during reactive bonding for the high reaction temperature, rapid 
heating/cooling and large temperature gradient. Thus, both plastic and elastic 
deformation occur in the UBM coatings and substrates as their movements are totally 
constrained. For this reason, residual stress which is close to the yield strength of the 
weakest material in this region is reserved in the UBM coatings or substrate after 
cooling, as such the self-propagating joint fracture easily from the UBM/substrate 
interface during the shear tests once a minor shear force was applied.  
In all of our attempts, the defects that may generate in the self-propagating joint 
are all caused by the five mechanisms mentioned above. However, due to the change in 
the physical properties of bonding materials, concerning the flow capacity, wettability, 
and CTE relationship, different kinds of defects are developed in the self-propagating 
joint when using different materials for joining. 
For instance, in Cu-Sn-Cu joints, the main defects are the voids inside the 
intermediate solder layer and the gaps within the NanoFoil, the first and second types 
of defects. But when using Sn63Pb37 solder foils as solder layers, the primary defects in 
the self-propagating joint turn into the big voids in the central bonding region and the 
voids and cracks at the edges of joint, the first and third types of defects. According to 
the numerical predictions, this difference in the types of defects is due to the change in 
the flowing behaviour of solder alloys during reactive bonding. As the melting 
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temperature of Sn63Pb37 (183 ºC) is lower than that of Sn (232 ºC), the duration of 
melting of the solder is significantly prolonged even under the same technical 
conditions. Considering the good fluidity of Sn63Pb37, the flow time and rate of the 
molten solder are thus both enhanced. This enhanced flow further improves the filling 
capacity of liquid solder and promotes the extrusion from the bond. Hence, more voids 
and cracks (third type defects) are formed at the bonding edges, and the amount of gaps 
(second type defects) within the NanoFoil is reduced. 
Moreover, the wetting conditions of solder alloys on the substrate is also proved 
to be critical to the formation of defects during reactive bonding. As in the cases of Cu-
In-Cu, Cu-Au80Sn20-Cu and Cu-Zn-5Al-Cu joining, the air trapped at the interface and 
the oxides generated on their surface hinder the wetting of solder alloys on the substrate. 
Under such condition, every bonding trial fails from the defects at the solder/substrate 
interface (the fourth type of defects), leading to the restrictions on the use of reactive 
bonding technique. Only if appropriate UBM coatings were prepared on the substrate 
and the wettability of solder alloy were good enough, reliable self-propagating joints 
could be attained, i.e. the Cu-SAC305-Cu, Si-Au80Sn20-Si and Si-Zn-5Al-Si bonds. 
Note that the CTE relationship between different materials is also important if 
taking the formation of the fifth type of defects into consideration. As in the bonding 
attempts for Al components, the significant mismatch between the CTE of Ni 
(13.4µm*m-1K-1) and Al (23.1µm*m-1K-1) cause severe delamination at the bonding 
interface between UBM coatings and Al substrate. But, it is noticeable that the issues 
arising from the mismatched CTEs are neglectable on the NanoFoil side as the 
mechanical characters of the fine NiAl alloys and IMCs are good enough to ensure a 
robust bonding. In such case, only the relationships between the CTEs of the substrate, 
solder alloy, and UBM coatings have to be considered for reactive bonding. 
6.2.5 Fracture of self-propagating joints 
Subsequently, the fracture modes of obtained self-propagating joints are also 
 132 
 
analysed in this research.  
 
  
Fig. 6- 14 a) and b) Both fracture surfaces of the typical Cu-Sn-Cu joint, and the enlarged 
morphologies, c) and d). 
From the fracture surfaces of the typical Cu-Sn-Cu joint shown in Fig. 6-14, it can 
be observed that sharp fracture planes across the IMCs (dark smooth planes) and solder 
layers (white parts) have been developed on either side of the NanoFoil. Also, in 
previous shear tests, the strain of all the tested self-propagating decrease sharply once 
the shear force has passed the maximum strength value that can be attained. Hence, the 
fracture of Cu-Sn-Cu self-propagating joint can be confirmed to be the brittle fracture 
across the NanoFoil, IMCs, and the intermediate solder layer. This kind of brittle 
fracture is also observed in joints bonded by other solder alloys and substrates. Thus, 
the detailed fracture procedures are hypothesized to be as follows: i) under the applied 
shear force, the fracture is initiated from the weak points such as the voids and cracks 
inside solder layer, and more likely the gaps within NanoFoil; ii) the fracture extends 
along the stress concentration points and defects in the solder joint; iii) the fractures 
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initiated from different positions of the joint meet at some locations, thus an undulate 
fracture surface across the entire HAZ are obtained. 
  
  
Fig. 6- 15 Both fracture surfaces of the self-propagating joint bonded by a) and b)solder foils, 
and c) and d) Al substrates. 
However, as mentioned above, the types of defects formed in the self-propagating 
joint may be distinct when using different materials for joining. Thus, the fracture mode 
of the self-propagating joint may vary for the changes in the bonding materials. For 
instance, in joints bonded by solder foils such as SAC305 and Au80Sn20, the fracture 
mainly happens at the solder/substrate interfaces, as in the cases of Fig. 6-15 a~b, for 
the formation of a massive fourth type of defects which significantly reduces the 
effective bonding area. But if the mismatch between CTEs of materials is too serious, 
the interconnect will fracture from the interface between materials for the fifth type of 
defects even the melting and wetting conditions are good enough to form a robust joint, 
as confirmed by the fracture surfaces of Al joint in Fig. 6-15 c~d. Note that these 
fractures are also brittle. Thus, no matter what kinds of defects are developed during 
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reactive bonding, the self-propagating joint will exhibit brittle. 
The morphologies of the solder grains and voids in the self-propagating joint have 
also been investigated through the observation of the fracture surface. As shown in Fig. 
6-16, evident Sn grains and intergranular voids with the size of approximately several 
micrometres can be observed from the fracture surface. However, if taken the fine NiAl 
alloys formed in the reacted NanoFoil into consideration, the self-propagating joint 
should exhibit ductility as these fine solder and NiAl grains should be of composition 
homogeneity. This contradiction can be explained on the basis of the directional 
solidification process and the segregation-brittle theory reported by Shi [185]. During 
reactive bonding, the directional solidification process promotes the directional growth 
of solder grains. At the same time, the elemental segregation resulted from the 
difference in the melting point of elements causes the precipitation of heterogeneous 
phases (Cu-rich, Ag-rich or Sn-rich phases) in intergranular regions. Thus, as the 
boundaries of solder grains are of a uniform orientation, the brittle phases existed in the 
intergranular regions are also orderly aligned, which finally leads to the brittleness of 
the self-propagating joint. 
 
Fig. 6- 16 Morphology of Sn grains and voids in the solder region of the fracture surface. 
Therefore, based on above findings, the self-propagating joint should be of brittle 
no matter what kinds of defects and solder grains are developed during reactive bonding.  
 135 
 
6.3 Self-propagating bonding under different technical conditions 
Then, the impact of influencing factors on the quality of reactive bonding, 
concerning the porosity, total thickness, strength and fracture mode, are experimentally 
analysed by contrasting the self-propagating joints formed under different technical 
conditions. Most of the experiments in this analysis are implemented based on the Sn 
solder as its thickness can be conveniently and precisely controlled by adjusting the 
current and time utilized for electroplating. 
6.3.1 Porosity 
In self-propagating joints, the five types of defects are the weak points causing 
failure of the solder joint. Thus, to improve the bonding strength and reliability, the 
porosity (amount of defects) of self-propagating joint should be minimized.  
  
Fig. 6- 17 The porosity results of Cu-Sn-Cu joints bonded under various a) ambient 
temperature and b) applied pressure, where the black dot is the average value and the 
horizontal lines from top to bottom represent the maximum value, 75 percentile, 50 
percentile , 25 percentile and the minimum value of the obtained porosity data,respectively. 
As demonstrated in the Cu-SAC305-Cu and Si-Au80Sn20-Si bonding trials, the 
porosity of obtained interconnect is significantly affected by the technical conditions. 
Therefore, to elaborate the influence of technical conditions on the porosity of self-
propagating joint, a series of self-propagating joint sets which is bonded using different 
ambient temperature, pressure and thickness of solder have been prepared and tested. 
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For different self-propagating joint set, the technical conditions are selected through the 
orthogonal experiment method, and at least 5 samples are prepared for each set. As 
classified in Fig. 6-17, the porosity data of Cu-Sn-Cu joints bonded under different 
ambient temperature and pressure are systematically contrasted. 
From Fig. 6-17a, it is evident that the ambient temperature (T0) affects the porosity, 
the formation of defects, of self-propagating joint. Based on the numerical predictions 
in Chapter 4, the rise of processing temperature causes an increase in the reaction 
temperature, duration of melting and accordingly reduces the viscosity of liquid Sn 
solder. For this reason, the wetting of Sn at both bonding interfaces is enhanced so that 
the molten Sn can better fill the defects in the joints. Hence, the formation of the first, 
second and fourth types of defects is hindered, resulting in the decrease of porosity. 
However, the contraction of materials after heating and the solder extrusion are also 
enhanced at the same time. Under such conditions, more shrinkage-induced voids (the 
first type of defects) and extrusion-caused defects (the second type of defects) will 
generate in the solder layer after cooling if the utilized preheating temperature is too 
high. Therefore, with the rise of ambient temperature, the porosity of Cu-Sn-Cu joints 
may decrease initially for the reduction of the first, second and fourth types of defects 
and then conversely increase due to the formation of the first and second types of 
defects. 
But, as illustrated in Fig. 6-17b, the porosity of the Cu-Sn-Cu joint changes in an 
opposite way when applying different pressure for bonding. Particularly, the porosity 
increases when the bonding pressure is around 0.5 MPa. According to our assumption, 
this increase in the porosity may be associated with the mechanical deformation of the 
NanoFoil and the surface tension barrier required to be surpassed for filling the second 
type of defects. During reactive bonding, as the convective flow of liquid solder is 
enhanced by the applied pressure, the filling capacity of liquid solder and the 
deformation degree of Al-Ni NanoFoil are both promoted. Thus, while the defects 
developed during the self-propagating reaction can be better filled and eliminated, more 
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cracks of narrow thickness and irregular shape are formed within the NanoFoil of high 
thermal stress. Under this situation, the porosity increases as the cracks cannot be filled 
by the liquid solder for the surface tension barrier. Only if the pressure applied to the 
bonding structure is high enough, which should be >0.5 MPa according to the porosity 
and shear strength results (6.3.3), the liquid solder can overcome the surface tension to 
fill the gaps within the NanoFoil. Therefore, with the increase of pressure, the porosity 
of self-propagating joint will increase at first and then decreases continuously until 
reaching the best state that can be obtained. 
 
  
Fig. 6- 18 Cross-sectional morphologies and porosity data of joints bonded by a) 10 μm, b) 
20 μm and c) 30 μm thick solder layers, where the black dot is the average value and the 
horizontal lines from top to bottom represent the maximum value, 75 percentile, 50 
percentile , 25 percentile and the minimum value of the obtained porosity data,respectively. 
Besides, the influence of the thickness of solder layer on the porosity of self-
propagating joint is also evaluated, as demonstrated in Fig. 6-18. When the Cu 
components are bonded by 10 μm thick Sn under 50 °C and 0.25 MPa pressure (Fig. 6-
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18a), sizable cracks are generated around and in the NanoFoil as the thin solder layers 
are not enough to fill the gaps developed within the NanoFoil. For this reason, although 
the reaction temperature and duration of melting at the Cu/Sn interface are predicted to 
be sufficient enough, the obtained porosity is still high. Thus, thicker Sn layers are 
required to form strong self-propagating joint. As in the case of Fig. 6-18b, if 20 μm 
thick Sn layers are utilized for bonding, self-propagating joint with dense solder matrix 
and reliable bonding can be obtained. However, according to previous predictions, the 
increase in the thickness of solder layer will cause a decrease in the reaction temperature 
and duration of melting at the Sn/Cu interface. Hence, in joints bonded with 30 μm 
thick Sn (Fig. 6-18c), voids and cracks are formed at the Sn/Cu interface for the low 
reaction temperature and short melting time of Sn, leading to the increase of porosity 
even the gaps within the NanoFoil have been fully filled. Therefore, as the rise of solder 
thickness, the porosity of self-propagating joint will decrease at first for the increase in 
the amount of liquid solder alloy, and then rises for the deteriorating soldering 
conditions between the solder and the substrate. Note that the most appropriate 
thickness for solder layer is suggested to be 20~25 μm, which agrees with that predicted 
and measured by Wang [188]. 
In addition, 0.1 mm thick Cu sheets and 1 mm thick Cu boards are respectively 
bonded by the same NanoFoil and solder foils under the room temperature to analyse 
the effect of the thickness of bonding substrate. The cross-sections of the obtained two 
joints are shown in Fig. 6-19. When joining Cu sheets (Fig. 6-19a), the solder wets well 
on the Cu substrates and thus an excellent bonding is obtained. But in joint bonded by 
Cu boards (Fig. 6-19b), the rise of the substrate thickness enhances the heat conduction 
and causes a decrease in the reaction temperature and duration of melting. On this 
occasion, most of the molten solder are solidified on the surface of the NanoFoil, and 
massive large cracks (the fourth type of defects) are formed at the Sn/Cu interface, 
leading to the failure of the obtained joint.  
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Fig. 6- 19 Cross-sectional morphologies of Cu interconnects bonded by a) 0.1 mm thick Cu 
sheets or b) 1mm thick Cu boards. 
6.3.2 Thickness of soldering region 
According to the heat conduction theory, the heat transfer efficiency is inversely 
correlated with the thickness of every material in joints. Hence, to ensure the effective 
heat transfer, the thickness of soldering region, which means the average distance 
between two bonding substrates, should be minimized.  
During reactive bonding, as the liquid solder not only fills the cracks inside the 
reacted NanoFoil but also is extruded out from the edge of the joint, the thickness of 
soldering region in the obtained self-propagating joint is reduced when compared to the 
original thickness of bonding structure. However, the filling and extrusion behaviour of 
the liquid solder is influenced by the technical conditions utilized for reactive bonding 
as they may affect the mobility of the liquid solder alloy. When appropriate technical 
conditions are used, the filling and extrusion of the liquid solder can be enhanced, and 
causing a significant decrease in the thickness of soldering region. Thus, the influence 
of the technical conditions on the thickness of soldering region has to be evluated. As 
illustrated in Fig. 6-20, the variation of the thickness of soldering region in self-
propagating joint bonded by solder layers of various thickness or under a different level 
of ambient temperature and pressure are investigated. 
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Fig. 6- 20 The thickness of soldering region in Cu-Sn-Cu self-propagating joints formed with 
different a) ambient temperature under 0.5 MPa pressure and b) pressure using 20 μm solder. 
From Fig. 6-20a, the thickness of soldering region is reduced with the decrease in 
the original thickness of solder layer and the rise in the ambient temperature. This 
decrease in the thickness of soldering region is associated with the amount and mobility 
of the liquid solder. As the increase of the original thickness of solder layer, more liquid 
solder can reserve between the NanoFoil and the substrate after filling and extrusion 
during the rapid self-propagating reaction. Hence, the soldering region will be thicker. 
On the other hand, according to the predictions in Chapter 4, the overall temperature 
profile across the HAZ will be improved if the ambient temperature is increased. For 
this reason, the duration of melting of Sn solder is prolonged, and the viscosity of liquid 
Sn is also reduced at the same time for the increased molecular internal energy at 
elevated temperature. As a result, the mobility and the flowing time of liquid solder are 
improved. This improvement further promotes the filling and extrusion capacity of 
solder alloy and substantially results in the decrease of the thickness of soldering region.  
The data of the thickness of soldering region in Cu-Sn-Cu joints bonded under 
different pressure is figured in Fig. 6-20b. As the liquid Sn is compressed under applied 
pressure and thus forced to fill the defects and leak from the edges, the thickness of 
soldering region decreases with the increase of applied pressure for the improved 
mobility of liquid solder until it reaches the incompressible level. Note that a sharp 
decrease in the thickness of soldering region is noticeable at 0.5MPa. This decrease 
validates the assumption in the last session that the liquid solder can surpass the surface 
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tension barrier of filling when the pressure applied is over 0.5 MPa.  
Particularly, through the linear regression calculation, the relationships between 
the thickness of soldering region and the ambient temperature and pressure have been 
obtained, which obey: 
Hs/H0= (0.942-6.35*10-3*T0+1.04*10-5*T02) ±0.039     (6-1), 
Hs/H0=1-2.62σ/ (1+3.15σ) ±0.086         (6-2), 
where T0 is the Kelvin temperature, and σ (MPa) is the pressure applied to the bonding 
structure. 
6.3.3 Shear strength 
The effect of technical conditions on the shear strength of self-propagating joint 
are also investigated in this research. But due to the brittleness of Si chips and the 
dimensional instability of thin foils, only the shear strength results of bulk Cu 
interconnects have been obtained.  
According to the experimental strength results demonstrated in Fig. 6-21a, the 
intermediate solder layers are proved to be crucial to obtaining reliable self-propagating 
joint. Without solder layers, even the reaction temperature (>1600 ºC) can exceed the 
melting temperature of Cu (1087 ºC), the obtained shear strength is nearly 0 MPa due 
to the uneven surfaces of bonding materials and the delamination induced by 
mismatched CTEs and volume shrinkage of NanoFoil. Therefore, the intermediate 
solder layer, which can ease the thermal stress and fill the generated voids and cracks, 
are proved to be necessary for the reactive bonding. Then, by contrasting the shear 
strength of self-propagating joints bonded by solder layers of different thickness, a 
parabolic relationship is confirmed between the shear strength and the thickness of 
solder layer. According to previous discussions, the first rise in the shear strength is 
owing to the increase in the amount of liquid solder which can fill the defects and gaps 
in the solder layer and NanoFoil. And the following drop is predicted to be caused by 
the reduction in the reaction temperature and duration of melting. Thus, to avoid the 
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formation of defects and assure the sufficient melting and wetting, the thickness of 
solder layer should be carefully selected during reactive bonding. 
 
 
Fig. 6- 21 Shear strength data of Cu-Sn-Cu joints bonded by different a) thickness of solder 
layer or under various b) processing temperature and c) applied pressure, in which the lines 
below and above the data points are the deviation bars. 
The relationship between the shear strength and the ambient temperature and 
pressure are confirmed in Fig. 6-21 b~c. It is found that the shear strength of obtained 
self-propagating joints will increase as the rise of ambient temperature and applied 
pressure before reaching the highest strength that can be achieved. For instance, with a 
give bonding structure, the strength of joints bonded at the room conditions are less 
than 10 MPa. But if the joining is implemented at 100 ºC under 2 MPa pressure, the 
obtained interconnect become reliable, of which the shear strength can attain 37±3 MPa.  
Note that the critical value of solder thickness, ambient temperature and pressure 
are also obtained. When bonding at the room temperature, the critical solder thickness 
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is about 25 µm, where the shear strength can reach 21±1 MPa, or the applied pressure 
has to be above 5 MPa to attain the maximum shear strength. But for interconnects 
bonded at 100 ºC, the critical thickness is higher at about 30 µm, and the critical 
pressure is lower at 2 MPa. All these results fit well with the numerical predictions in 
Chapter 4 (higher ambient temperature, heavier pressure and thinner solder layer are 
predicted to be beneficial to improve the soldering conditions), which indicates the 
accuracy of the established model. 
It is noticeable that the shear strength of joint bonded at the room temperature 
under 0.5 MPa pressure is weak even though the reaction temperature is high enough 
to assure the melting of the entire solder layer. Based on this finding, besides the 
complete melting of solder layer, another temperature condition should be required to 
obtain reliable interconnect, for which the sufficient duration of melting is the most 
likely candidate. According to the numerical prediction, the duration of melting in joints 
bonded at 100 ºC and 2 MPa, of which the shear strength is the highest, is about 0.45 
ms. Therefore, to guarantee a robust self-propagating joint, the solder layers must 
completely melt across their thickness and remain liquid for at least 0.45 ms, which is 
similar to the results tested by Wang [60, 188]. 
However, considering the porosity analysis in 6.3.1, it is evident that the shear 
strength of joints obtained by various ambient temperature and pressure do not exactly 
follow the evolution of porosity. This contradiction may be attributed to the change in 
the types of defects developed in the self-propagating joint under different solder 
conditions. If plenty of the second, fourth and fifth type of defects were formed, i.e. 
using thick solder layer, large pressure and substrates with mismatched CTE, the shear 
strength decreases significantly as the valid bonding area is greatly reduced. Otherwise, 
the rise in the porosity, i.e. formation of voids at the high ambient temperature, will 
have an ignorable effect on the shear strength of self-propagating interconnect. This 
conclusion is also verified by the Cu-SAC305-Cu, Zn-5Al and Al-Sn-Al bonding trials. 
As demonstrated in Fig. 6-22, although the SAC305 solder alloy has a lower melting 
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temperature than Sn, the critical processing temperature required to form robust joint 
are much higher due to the fourth type of defects generated at the bonding interfaces. 
Also, for the fourth and fifth types of defects formed in the joint, the shear strength of 
Al and Zn-5Al bonding cannot be larger than 5 MPa no matter how high the processing 
temperature and pressure are applied to the bonding structure. 
 
Fig. 6- 22 Shear strength data of Cu-SAC305-Cu joints bonded at the different ambient 
temperature. 
6.3.4 Fracture mode 
Following the strength analysis, the fracture surfaces of obtained self-propagating 
joints are investigated to reveal the influence of technical conditions on the fracture 
behaviour of self-propagating joint. As shown in Fig. 6-23, 6-24 and 6-25, the 
morphologies of the obtained fracture surfaces are classified and contrasted.  
From Fig. 6-23, it can be concluded that the ambient temperature affects the 
fracture mode of self-propagating joints significantly. With the rise of ambient 
temperature, the non-wetting area on the substrate is reduced obviously, and the main 
fracture locations has changed from the cracks at the solder/substrate interface to the 
defects inside the IMCs and solder layers. As discussed above, this change is associated 
with the formation of the fourth type of defects. As the ambient temperature is elevated, 
the reaction temperature is improved, and thus more energy can be provided to enable 
the liquid solder to surpass the surface tension barrier of the substrate. Hence, the 
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amount of the fourth type of defects keeps decreasing with the increase of ambient 
temperature, and accordingly the gaps within the NanoFoil and the defects in the 
intermediate solder layer become the weakest points, resulting in the initiation of 
fracture from the intervening NanoFoil and solder layers. 
  
Fig. 6- 23 Fracture surfaces of Cu-Sn-Cu self-propagating joints bonded at different 
processing temperature with 20 µm thick solder layers under 0.1 MPa pressure. 
Simlarly, the non-wetting area on the substrate is reduced, and the main fracture 
locations has changed from the cracks at the solder/substrate interface to the defects 
inside the IMCs and solder layers with the increase of applied pressure.This situation 
is induced by the effect of applied pressure on reducing the thickness of solder layer 
and promoting the flow of liquid solder. When pressure is applied to the bond during 
reactive bonding, as discussed and measured above, the thickness of solder layer will 
decrease, leading to the improvement in the temperature profiles at bonding interfaces, 
and the mobility of liquid solder will be improved as it is compressed and forced to 
flow under applied pressure. For this reason, with the rise of applied pressure, the liquid 
solder can surpass the surface tension barrier of the substrate more easily, and the 
amount of the fourth type of defects developed in the self-propagating joint is thus 
reduced, as such the fracture will initiate from the gaps within the NanoFoil and the 
defects in the intermediate solder layers instead. As shown in Fig. 6-24, if the self-
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propagating bonding is performed under 1 KPa, the fracture happens from the non-
wetting regions at the interface between the solder layer and the substrate. But in joint 
bonded under 1 MPa pressure, all the non-wetting regions are eliminated such that the 
fracture takes place across the entire HAZ. Based on this finding, the applied pressure 
is verified to be critical to the fracture behaviour of self-propagating joint. 
  
Fig. 6- 24 Fracture surfaces of Cu-Sn-Cu self-propagating joints bonded under different 
pressure with 20 µm thick solder layers at room temperature. 
The morphologies of fracture surfaces of self-propagating joints bonded with 
solder layers of different thickness are shown in Fig. 6-25. However, no essential 
difference in the fracture mode can be detected in these joints. Although several gaps 
within the NanoFoil can be observed in joint bonded by 10 μm thick solder layers, little 
non-wetting region can be detected on both sides of the fracture. Thus, all the fracture 
are proved to occur from the IMCs and defects in the solder layer and NanoFoil. Only 
if the ambient temperature is too low or the solder layers are too thick to assure the 
sufficient melting at the Sn/Cu interface, the fracture mode can turn into the interfacial 
fracture from the non-wetting regions between the solder and the substrate. 
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Fig. 6- 25 Fracture surfaces of Cu-Sn-Cu self-propagating joints bonded with solder layers of 
different thickness at 100 ºC under 0.1 MPa pressure. 
6.3.5 Optimisation methods 
According to the experimental results above and the numerical predictions in 
Chapter 4, the optimisation methods to improve the bonding quality of self-propagating 
joint can be summarized, including: 
i) Preheating: As illustrated in 4.4.4 and 6.3.3, the soldering conditions regarding 
the maximum reaction temperature, duration of melting and accordingly the shear 
strength of obtained joints are improved with the rise of ambient temperature. Thus, 
preheating is an effective approach to improve the quality of reactive bonding. But as 
the NanoFoil may be directly ignited under high temperature and the exothermic 
efficiency of the NanoFoil may be reduced for the interdiffusion among Ni and Al 
nanolayers during heating, the preheating temperature should be just above the 
predicted critical value to form robust bond and the assembly of the bonding materials 
must be completed in a short time to the greatest extent. 
ii) Using thinner substrate and the solder layer of proper thickness: According 
to the numerical predictions in 4.4.2 and 4.4.3 and the experiments in 6.3, the decrease 
in the thickness of the substrate can contribute to improve the soldering conditions and 
accordingly the bonding quality of obtained self-propagating joint. On the other hand, 
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the increase in the thickness of solder is found to be beneficial to fill the gaps within 
the NanoFoil and voids inside the solder layer, but may cause the deterioration of the 
soldering conditions if the solder is too thick. Therefore, to improve the bonding quality 
of self-propagating joint, it is better to use thin substrate and solder layer of appropriate 
thickness, which is suggested to be 20~25 μm.  
iii) Apply proper pressure on bonding structure: In the self-propagating joint, 
the applied pressure will cause the reduction of the thickness of solder layer, and 
accelerate the flow of the liquid solder. Hence, the soldering conditions and the bonding 
quality of the obtained self-propagating joint will be improved with the rise of applied 
pressure, as demonstrated in 6.3 and 4.4.5. However, if too much pressure were applied, 
the NanoFoil, solder layer and especially the Si chips may be damaged, and larger 
thermal stress will develop in the self-propagating joint for excessive decrease in the 
thickness of solder layer, leading to the decrease in the reliablity of obtained joint ,even 
failure. Thus, the pressure applied to the components to be bonded should be just above 
the critical value required to form robust interconnect. 
iv) Selecting proper solder and substrate material: As predicted in 4.4.3 and 
4.4.4, the maximum temperature and duration of melting both increases with the 
decrease of the density, heat capacity and thermal conductivity of the substrate, and the 
reduction of the density and heat capacity or rise in the thermal conductivity of solder 
layer. For this reason, using light thermal insulation substrate and light heat conductive 
solder alloys when performing reactive bonding will be beneficial to improve the solder 
conditions and achieve strong interconnect. 
v) Preparing optimum UBM coatings on the substrate: From the cross-
sectional morphologies demonstrated in 6.2 and the porosity, fracture and shear strength 
results in 6.3, the four and fifth types of defects induced by the poor wetting condition 
and mismatched CTEs at the interfaces of materials cause significant damage to the 
mechanical integrity and reliability of obtained joint during reactive bonding. Thus, to 
avoid the formation of these two types of defects, coatings, which can be solder alloys, 
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ingredients of the solder layer and other UBM layers, have to be prepared on the surface 
of substrates to improve the wetting condition and serve as transition layers to prevent 
the delamination caused by mismatched CTEs. 
6.4 Conclusion 
In this section, the feasibility of self-propagating reactive bonding based on Al-Ni 
NanoFoil was confirmed by bonding the commonly used substrate materials with 
different types of solder alloys. Robust interconnects had been achieved between Cu, 
Al or Si components. But besides the interfacial IMCs indicating the metallurgical 
bonding, five types of defects were also detected in these joints. For these defects, the 
reactive bonding method was proved to be unsuitable for interconnection by In solder 
or between Al substrate. Based on the shear strength and fracture results, the gaps within 
the NanoFoil, defects at the bonding interfaces and the delamination of UBM coatings 
are proved to be the principle reason for the failure of self-propagating joint. Therefore, 
to improve the bonding quality of self-propagating joints, the main optimisation 
methods should be focused on preventing the formation of these three types of defects. 
Then, the influence of technical conditions related to ambient temperature, applied 
pressure, and thickness of inserted solder layer on the joint integrity, such as the porosity, 
thickness, shear strength and fracture, had been also investigated to enable optimal 
selection of these technical conditions and to improve the reliability and thermal 
conductivity of self-propagating joints. According to the experimental and numerical 
results, the elevation in ambient temperature and applied pressure are proved to be 
beneficial to reduce the porosity and thickness but improve the shear strength of joining. 
Also, the inserted solder layers help to lessen the porosity and enhance the shear 
strength through filling the voids and cracks that can be potentially formed in the joints. 
However, if the inserted solder layers were too thick, they could cause more defects to 
be formed in the joints due to the deterioration of the heat transfer in materials, which 
results in the reduction of the bonding quality of achieved joint. 
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Chapter 7. Microstructural evolution of solder 
interconnects due to aging 
7.1 introduction 
As mentioned in Chapter 5, the nano-sized metastable alloys and IMCs existed in 
the self-propagating joint may surpass the equilibration barrier if additional energy is 
introduced during the storage, aging and working stage. The equilibration process will 
lead to the change in the morphology and further affect the bonding quality and 
reliability of the self-propagating joint. Therefore, to ensure a reliabile interconnection 
during long term service, the evolution mechanism of the microstructure of the self-
propagating joint has to be analysed. For this reason, all the self-propagating joints 
mentioned above, including the TEM cross-sections and bulk interconnects, have been 
accelerated aged at 175 ºC for various time. The microstructre of the aged joints is 
characterized by TEM (SEM). The composition of the nano-sized particles and solder 
alloys is calculated using the atomic ratio of elements measured by the EDX inside 
TEM which has a measurement accuracy of 2 nm. Although the phases existed on the 
both sides of the nano-particles to be measured may cause a little deviation (as the 
thickness of TEM sample is larger than the size of nano-particles), the obtained 
composition data is capable to tell the changing tendency of composition and further be 
used to analyse the phase evolution process. Through the comparative analysis of 
achieved cross-sectional morphologies and composition data, the evolution mechanism 
of phases inside the self-propagating joint is elaborated. Table 7-1 lists out the time 
utilized for aging the TEM samples and bulk self-propagating joints.  
Table. 7- 1 The aging time utilized for TEM samples and bulk self-propagating joints 
 Duration of aging 
TEM sample 5 minutes 15 minutes 30 minutes 
Bulk joints 2 hours 8 hours 24 hours 72 hours 120 hours 
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However, the oxidation at elevated temperature may damage the surface of cross-
sections, and the vacuum furnace is not suitable for implementing the short-term aging 
as the heating and cooling time required by the vacuum oven is too long (normally 1~2 
hours). To solve these issues, one 50 mL silica glass beaker fully filled with Ar2 gas has 
been utilized for sealing the samples before conducting the high-temperature aging. 
With this beaker and inert gas, all the prepared cross-sections are isolated from oxygen 
during aging, and the necessary preheating and cooling time are also successfully 
minimized to merely 5 mins. Therefore, the high-temperature aging, especially the 
short-term aging for TEM samples, can be carried out for every obtained interconnect. 
7.2 Evolution of grains in self-propagating joints 
The microstructure of the solder layer and the NanoFoil in self-propagating joints 
after different time of ageing are characterized at first to reveal the evolution history of 
solder and NiAl grains during the high-temperature aging.  
7.2.1 Microstructure and composition of solder grains 
Figure. 7-1 and Table 7-2 demonstrate the TEM morphologies and chemical 
composition of solder alloys in the Cu-Sn-Cu self-propagating joint before and after 5 
mins, 15 mins and 30 mins aging. From the obtained TEM and EDX results, the 
evolution process of the microstructure of self-propagating joint can be divided into 
three stages.  
The first stage is the dissolution of metastable phases and the elemental saturation 
in surrounding solder layer. According to the IMC formation theory [245-248], as the 
hetero-elements in the solder matrix is undersaturated, i.e. the measured Cu 
concentration in the as-bonded solder matrix (1.3 %) is far below the solubility limit of 
Cu in the Sn solder (2.03 %) [249], the elements in the initial Cu-Sn and Ag-Sn IMCs 
are dissolved through the solid-state diffusion with the assistance of the energy provided 
by the heating at aging temperature. Under such case, the IMC particles are dissolved, 
and the concentration of heteroelements in the solder layer are improved until the solder 
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matrix is saturated. As figured in Fig. 7-1 a~d, most of the metastable IMCs formed 
during the reactive bonding disappear after the cross-section has been aged for 30 mins, 
which validates the occurrence of dissolution.  
   
   
Fig. 7- 1 TEM morphologies of the solder layer in Cu-Sn-Cu self-propagating interconnect a) 
before and after aging at 175 ºC for b) 5 mins, c) 15 mins and d) 30 mins. 
Table. 7- 2 EDX results of phases in the solder layer of Cu-Sn-Cu self-propagating joint 
Aging 
time 
As-bonded 5 mins aging 15 mins aging 30 mins aging 
at.% Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ 
Cu 1.3 2.0 18.4 0.4 5.8 32.1 4.9 2.3 41.1 2.5 0.9 43.3 
Ag 0.4 27.5 0 0 54.6 0 0 66.5 2.3 0 72.5 0.4 
Sn 97.4 69.8 75.9 99.2 38.6 64.2 95.1 30.5 49.1 97.5 26.6 53.2 
Ni 0 0 4.8 0.3 1 3.7 0 0.8 6.2 0 0 3.1 
However, after dissolution, the change in the lattice structure of phases, especially 
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the solder grains and IMCs, is difficult to be measured as their dimension (20~50 nm) 
are too small to obtain an accurate diffraction pattern without counting the interference 
data from surrounding materials. Thus, a hypothesis is proposed to demonstrate the 
microstructural evolution in the second stage, where the solid-state-diffusion-induced 
crystallization and equilibration of IMCs are initiated after the solder layer has reached 
the saturation state. 
From the EDX data presented in Table 7-2, the concentration of heteroelements, 
i.e. Cu, Ag, is reduced for the diffusion between IMCs and solder grains during 
dissolution. But, in areas which used to be large IMC particle or IMCs enrichment 
region, the residual concentration of these elements can still exceed their solubility after 
dissolution. Thus, new IMC particles begin to crystallize based on the dislocations 
developed during reactive bonding or the residual IMC particles survived from the 
dissolution. As illustrated in Fig. 7-1 b~d, in the central-left region, new Cu-Sn and Ag-
Sn IMCs are evidently generated, which may be due to the nucleation near the 
dislocations. And in the central region where used to be massive IMC particles, the size 
of residual IMC particles increase obviously, indicating the growth of IMCs after 
dissolution and equilibration.  
Note that the composition of these newly formed IMC particles does not exactly 
follow the IMCs that produced in the equilibrium soldering. According to the TEM 
imaging principle and diffusion theory, this composition difference may be associated 
with the solder alloys existed on both sides of the IMCs and the limited diffusion along 
the length and width direction of the cross-section [250]. If the developed IMC particles 
were thinner than the TEM cross-section, the Sn existed on their surface could cause 
miscounting in the actual composition. In this case, the measured atomic ratio of Sn 
should be higher than the real IMC. But if the developed IMC particles were large 
enough to occupy the entire thickness of TEM cross-section, the concentration of Cu 
element may be higher than that at the equilibrium state as its diffusion and dissolution 
toward external Sn solder layer are restricted by the valid area of diffusion. Only if the 
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thickness of cross-section or duration of aging were large or long enough to assure the 
sufficient elemental migration, for instance in bulk joint or long term aging, the 
composition of IMC are same with that described in the equilibrium phase diagram.  
On the other hand, the contacting area between the solder alloy and IMCs is 
reduced spontaneously as much as possible to reduce the interfacial energy. For this 
reason, the heteroelement groups and newly developed IMC particles have a tendency 
to gather together in the solder layer, especially around the residual IMCs, enhancing 
the nucleation and growth of IMCs. Furthermore, fewer but larger IMCs are generated 
after aging, as figured in Fig. 1d. For the elimination of the intergranular IMCs and the 
diffusion across the grain boundaries, the columnar dendritic Sn grains, which are 
generated in the solder layer for the non-equilibrium directional solidification, coalesce 
into whole unified grains. Therefore, after long-term aging, the nano-sized columnar or 
acicular IMC particles and solder grains have all changed into scallop bulk grains.  
Following the equilibration and crystallization, the generated IMCs and solder 
grains should grow continuously in the third stage. However, in TEM cross-sections, 
both the morphology and composition of developed IMCs and solder grains remain 
almost constant even if the aging time is further prolonged. This situation is also caused 
by the limited diffusion in the length and width directions of TEM cross-section. During 
aging, once the IMCs and solder grains have grown to as thick as the TEM cross-section 
(which is possible as the thickness of TEM sample is normally controlled to be less than 
200 nm), the valid contacting area between IMC and the solder alloy becomes narrow, 
thereby the interdiffusion and growth of IMCs and solder grains are suppressed. 
Consequently, one ‘steady’ state may be attained in the TEM cross-section. For example, 
as presented in Fig. 7-1 c~d, the changes in the morphology and solute concentration 
of IMCs and solder grains become indistinguishable.  
Under such situation, to investigate the growth of IMCs and solder alloys in the 
final evolution stage, the long-time aging analysis for the bulk Cu-Sn-Cu self-
propagating joint is subsequently carried out. As demonstrated in Fig. 7-2, the cross-
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sectional morphologies of Cu-Sn-Cu joint aged at 175 °C for 2 h, 8 h, 24 h, and 72 h 
have been characterized and contrasted. Particularly, as hypothesized above, only a few 
IMCs can be detected in the intermediate solder layer, of which the dark phases are 
identified to be η-Cu6Sn5 and the white particles represent Ag3Sn. 
  
   
Fig. 7- 2 Cross-sectional morphologies of Cu-Sn-Cu self-propagating interconnect aged at 
175 ºC for a) 2 h, b) 8 h, c) 24 h, and d) 72 h. 
Then, through the aging tests and relevant microstructural characterisation of the 
Cu-SAC305-Cu self-propagating joint, this hypothesized phase evolution mechanism 
is validated. As presented in Fig. 7-3, the dissolution of metastable phases and 
formation of new IMCs are convincing when comparing the TEM morphology of as-
bonded Cu-SAC305-Cu cross-section before with that after 5 mins aging. Additionally, 
as the concentration of Ag and Cu elements in the initial solder layer is higher, 3.5 % 
and 0.5 % respectively, the quantity of metastable IMCs are higher. This increase in the 
amount of metastable IMCs further enhances the saturation of native solder alloy and 
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equilibration of metastable IMCs, as such more sizable IMCs are formed or survived 
after dissolution, as illustrated in Fig. 7-3 a~b. Hence, after the TEM sample has been 
aged for the same duration, the amount and size of IMC particles formed in the Cu-
SAC305-Cu joint become far more than that developed in the self-propagating joint 
bonded by Sn solder, as figured in Fig. 7-3c. Note that the higher concentration of Ag 
element causes faster nucleation and growth of Ag-Sn IMC, for which Ag-Sn IMC 
particles become the primary IMC in the solder layer of Cu-SAC305-Cu bonding.  
  
 
Fig. 7- 3 TEM morphologies of solder layer in Cu-SAC305-Cu self-propagating joint a) 
before and after aging at 175 ºC for b) 5 mins and c) 15 mins. 
However, the rise in the initial ratio of Ag and Cu does not affect the composition 
of any specific IMC, i.e. Cu-Sn IMCs and Ag-Sn IMCs, during aging. According to the 
EDX results in Table 7-3, the concentration of Ag and Cu are almost the same in Cu-
Sn-Cu and Cu-SAC305-Cu interconnects after the same time of aging. Therefore, 
during high-temperature aging, the concentration of heteroelements is confirmed to be 
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critical to the saturation and crystallization of phases but is neglectable for the 
composition of developed IMCs. 
Table. 7- 3 EDX results of phases in the solder layer of Cu-Sn-Cu self-propagating joint 
Aging time As-bonded 5 mins aging 15 mins aging 
element ratio(at.%) Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ 
Cu 0.8 0.8 41.1 0.5 0.7 14.4 0.6 1.7 43.4 
Ag 0 25.2 2.3 0 34.6 0 0 72.4 0.3 
Sn 95 72.0 49.1 98.3 63.4 83.4 97.3 25.9 47.1 
Ni 2.6 1.7 6.2 0.5 0.7 2.2 1.2 0 0.7 
  
   
Fig. 7- 4 Cross-sectional morphologies of Cu-SAC305-Cu self-propagating joint aged at 175 
ºC for a) 2 h, b) 8 h, c) 24 h, and d) 72 h. 
A similar conclusion has also been obtained from the long-term aged bulk Cu-
SAC305-Cu joint, as shown in Fig. 7-4. While larger IMCs are generated in the 
SAC305 solder layer after same time of aging, their composition is same with that 
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developed in Cu-Sn-Cu joint. Particularly, as illustrated in Fig. 7-4d, even though the 
entire solder layer has been transformed into a full IMC structure after 120 h aging, the 
developed IMCs are still Cu6Sn5 and Ag3Sn. Therefore, through these TEM and SEM 
observations, the influence of elemental concentration on the dissolution, 
crystallization and growth mechanism of IMCs are validated.  
 
  
Fig. 7- 5 TEM morphologies of solder layer in Si-Au80Sn20-Si self-propagating joint a) before 
and after aging at 175 ºC for b) 5 mins, c) 15 mins and d) 30 mins. 
For Si interconnect bonded by Au80Sn20 solder alloy, the evolution of IMCs and 
solder grains in the intermedia solder layer also obey the proposed phase evolution 
process. But since the ingredient of solder layer and substrate are different, where Au 
and Ni become the primary elements respectively, the morphology and composition of 
obtained IMCs and solder grains are not identical to that formed in the Cu-Sn-Cu and 
Cu-SAC305-Cu joints. As demonstrated in Fig. 7-5 and Table 7-4, two distinctive 
solder alloys, which show different colours under TEM, are formed in the solder layer, 
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where the dark alloys are the Au-enriched Au7Sn and the white alloys represent the Sn-
enriched AuSn2. For this colour difference, the diffusion and dissolution of Au and Sn 
elements, as well as the gathering, crystallization and growth of grains and IMCs 
become evident.  
As discussed in Chapter 5 and shown in Fig. 7-5a, dendritic metastable solder 
alloys with lamellar space of approximately 40 nm are formed in the as-bonded self-
propagating joint after reactive bonding. Due to the composition difference between 
these two types of solder alloys, the supersaturated Au and Sn elements diffuse and 
dissolve from the native alloy into the other phase on either side during aging. In 
addition, as the diffusion distance needed is smaller and both elements are sufficient, 
the equilibration and crystallization of Au-Sn grains can be early initiated after the 
elemental concentration quickly surpass the saturation point. Thus, numerous large and 
equilibrium Au5Sn and AuSn alloys are developed in the solder layer even within a 
short time of aging.  
However, the Au and Sn elements are not uniformly distributed in the solder layer. 
For this reason, the dissolution, crystallization and growth behaviour of solder alloys 
may differ in different locations of the solder layer. Particularly, in regions where the 
phase spacing is fine, the supersaturated element may diffuse and penetrate through the 
entire thickness of the other kind of alloy on both sides. These penetration paths provide 
efficient diffusion and migration approaches for the elements and further enhanced the 
dissolution and equilibration efficiency. As a result, the lamellar solder alloys are 
divided into many parts, and boundary-like structures are formed in these regions at a 
given moment of aging, for which the morphology of native solder alloys are 
transformed from lamellar type layers into sizable wavy type strips or insular particles, 
as imaged in Fig. 7-5b. Then, if the TEM cross-section were aged for a longer time, the 
growth and aggregation of solder alloys are initiated for the decreasing requirement of 
interfacial energy and continuous diffusion. Therefore, all the fine lamellar metastable 
alloys existed in the as-bonded self-propagating joint finally turn into large equilibrated 
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eutectic Au-Sn alloys after 30 mins aging, as presented in Fig. 7-5 c~d.   
Table. 7- 4 EDX results of phases in the solder layer of Si-Au80Sn20-Si self-propagating joint. 
Aging 
time 
As-bonded 5 mins aging 15 mins aging 30 mins aging 
(at.%) Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ 
Au 53.5 85.8 85.0 69.6 84.9 84.9 55.2 82.5 81.5 49.9 81.7 71.4 
Ag 1.3 0 0.4 0 0 0 0 0 0 0 0 0 
Sn 31.7 14.2 13.9 29.2 14.6 15.1 44.5 16.6 17.6 48.3 17.0 21.2 
Ni 4.1 0 0 0 0 0 0.4 0 0 0 0 0 
This phase evolution process is also validated by the related composition EDX 
data in Table 7-4. As the increase of aging time from 0 to 30 mins, the concentration of 
Sn rises from 31.7 % to 48.3 % in the Sn-enriched alloy and increases from 14.2 % to 
17 % in the Au-enriched alloy, proving the dissolution of Au and Sn elements and the 
equilibration of both solder alloys. However, similar to the Cu-Sn-Cu and Cu-SAC305-
Cu interconnects, the TEM sample is such fine that the microstructural evolution in the 
third stage is hard to be observed. Thus, the long-term aging tests and microstructural 
characterisation for the bulk Si-Au80Sn20-Si joint are subsequently implemented.  
From the morphologies shown in Fig. 7-6, the main changes occurred during the 
third phase evolution stage are the remarkable growth and gathering of Au5Sn and AuSn 
solder alloys. As the aging time is prolonged from 2 h to 120 h, Fig. 7-6a~e, both size 
and phase spacing of Au5Sn and AuSn alloys are increased from hundreds of 
nanometres to several micrometres. Moreover, the morphology of solder layer can 
become similar to that is usually obtained by other equilibrium soldering technology 
after 72 h aging, as described in Fig. 7-6 d~e. 
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Fig. 7- 6 Cross-sectional morphologies of Si-Au80Sn20-Si self-propagating joint aged at 175 
ºC for a) 2 h, b) 8 h, c) 24 h, d) 72 h and e) 120 h. 
7.2.2 Microstructure and composition of NanoFoil 
The microstructures of NiAl alloys that have been aged at 175 ºC for various time 
are also characterized to evaluate the structure transformation of the NanoFoil at 
working conditions. From the TEM results demonstrated in Fig. 7-7, it is found that the 
composition and morphology of NiAl alloys remain almost the same with the initial 
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grains formed in as-bonded joint after 72 h aging. Therefore, it is reasonable to believe 
that little change has occurred in the microstructure of NiAl alloys during the high-
temperature aging.  
Based on previous stress predictions, the ignorable impact of aging on the 
microstructure of NanoFoil may be associated with the residual stress remained in the 
NiAl alloys after reactive bonding. The stress-induced dislocations can serve as 
“trouble points” to block the growth of NiAl grains and also promote the nucleation of 
new NiAl alloy. Hence, the growth of NiAl grains is restricted. In addition, the 5 % 
vanadium elements, which is usually used as a grain refiner, in the NanoFoil also 
contribute to the refinement of grains and retard the coarsening of NiAl alloys. 
Consequently, the growth of NiAl grains is completely limited even though the activity 
and diffusivity of elements are both improved at elevated aging temperature, resulting 
in the constant size of NiAl alloys during aging. 
     
Fig. 7- 7 TEM morphologies of the NiAl grains in reacted NanoFoil a) before and b) after 
aging at 175 ºC for 15 mins. 
7.3 Growth kinetic of IMCs at interfaces in self-propagating joints 
The growth kinetic of interfacial IMCs on the substrate and NanoFoil during aging 
process are subsequently analysed in this research.  
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7.3.1 IMCs at the solder/NanoFoil interface 
The microstructures and composition of interfacial IMCs at the solder/NanoFoil 
interface of Cu-Sn-Cu joint before and after aging are demonstrated in Fig. 7-8 and 
Table 7-5. From the TEM and EDX results, one Cu-Sn IMC layer and several Ag-Sn 
IMC particles are generated at this interface. Additionally, one diffusion layer involving 
Cu, Ag, Sn elements is also formed in the near-surface region of the NanoFoil.  
   
   
Fig. 7- 8 TEM morphologies of the bonding region near the NanoFoil/Sn interface a) before 
and after b) 5 mins, c) 15 mins and d) 30 mins aging. 
By contrasting the composition and morphology of interfacial IMCs after different 
time of aging, it can be concluded that the three stages phase evolution mechanism 
proposed above is also suitable to explain the changes in the microstructure of 
interfacial IMCs and diffusion layer. From the morphology of as-bonded Cu-Sn-Cu 
self-propagating joint in Fig. 7-8a, the generated nano-sized and metastable Cu-Sn layer 
and Ag-Sn particles, 10~20 nm thick CuSn2 layer and AgSn3 or AgSn2 particles with a 
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diameter of 20~50 nm, are proved to be identical to the IMCs formed in the solder layer. 
But after aging at 175 ºC for 5 mins (Fig.7-8b), due to the diffusion-induced solute 
redistribution, the atomic ratio of elements in developed IMCs is changed. For the same 
reason, the dimension of Cu-Sn layer and Ag-Sn particles are also improved. For 
instance, when the atomic ratio of Sn element in Cu-Sn layer decreases from 63.9 % to 
61.7 %, the thickness of Cu-Sn IMC layer reduces from 20 nm to about 10 nm, 
indicating the dissolution of Sn during aging. Similarly, for the Ag-Sn particles, the rise 
in the size of Ag-Sn particles from 30 nm to 60 nm, and the improvement in their Ag 
concentration from 20.6 % to 44.3 % validate the equilibration and growth of Ag-Sn 
IMCs. Thus, even though the microstructure of these IMCs are still far from the 
equilibrium state, the first and second changing stages are proved to have occurred in 
the interfacial IMCs. Then, if the TEM sample were aged for a longer time, as imaged 
in Fig. 7-8 c~d, Cu6Sn5 IMC layer with a thickness of 30~200 nm and sizable Ag3Sn 
particles up to 300 nm are developed with the continuous dissolution and diffusion of 
elements and the growth of IMCs.  
Table. 7- 5 EDX results of interfacial IMCs at the solder/substrate interface of Cu-Sn-Cu self-
propagating joint 
Aging 
time 
As-bonded 5mins aging 15mins aging 30mins aging 
(at.%) Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ 
Cu 18.5 1.2 3.9 19.7 4.4 3.3 41.1 3.1 14.6 41.0 40.5 19.7 
Ag 9.3 20.6 1.2 3.0 44.3 0.4 0.3 35.4 0.2 0 0 0.2 
Sn 63.9 73.4 19.2 61.7 35.1 14.2 50.1 53.7 16.5 51.0 50.5 24.0 
Ni 8.0 4.0 34.0 10.7 11.4 41.4 6.6 4.8 32.7 6.1 6.5 19.1 
Al 0.3 0.9 41.6 4.9 4.8 40.6 1.9 2.9 35.9 1.9 2.4 37.0 
Meanwhile, the microstructure of diffusion layer has also changed during aging. 
Due to the diffusion and dissolution of hetero-elements from interfacial IMCs and 
intergranular segregation regions, both the concentration of Sn, Ag and Cu in NiAl 
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grains and the absolute area of the diffusion layer are increased. Particularly, as the 
diffusion and redistribution of heteroelements in NiAl grains, the depth and uniformity 
of diffusion layer in the NanoFoil are also improved. Under such cases, thicker 
diffusion layer with the homogenized composition is generated in the near-surface 
region of the NanoFoil after high-temperature aging.  
Hence, considering the interfacial IMCs above, a duplex IMC structure is finally 
obtained at the Sn/NanoFoil interface of the Cu-Sn-Cu joint even after short-term aging 
(<30 mins). However, this duplex IMC structure is difficult to be observed in the long-
term aged bulk Cu-Sn-Cu interconnect. This phenomenon may be caused by the 
blocking effect of interfacial IMC layer between the diffusion layer and the solder layer. 
During long-term aging, since, as the interfacial IMCs have completed the dissolution, 
crystallization and equilibration process, the density of vacancies and dislocations in 
the interfacial IMC layer are reduced. On this occasion, the diffusion capacity of 
heteroelements across the IMCs is thus weakened. Meanwhile, as the heteroelements 
reserved in the diffusion layer are few in number, the growth of diffusion layer during 
aging will be almost terminated after the supersaturated heteroelements in the diffusion 
layer have all been consumed as the diffusivity of other elements in Ni is poor. For the 
same reason, the growth of interfacial IMCs is also early ended. As a result, even after 
120 h aging, the diffusion layer and interfacial IMCs are still too thin to be distinguished 
from surrounding NiAl grains and solder alloys, for which it seems that only several 
Ag3Sn particles are generated between the solder and the NanoFoil.  
Then, in the Cu-SAC305-Cu self-propagating interconnect, the changing process 
of the composition and morphology of interfacial IMCs and diffusion layer at the 
solder/NanoFoil interface are similar. The dissolution, equilibration and growth of the 
interfacial IMCs and diffusion layer are evident in Fig. 7-9 a~d and Table 7-6. However, 
due to the rise in the concentration of heterogeneous elements, the thickness of 
interfacial IMCs and diffusion layer are increased. But, as the increase in the 
concentration does not affect the composition of phase developed, the interfacial IMCs 
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and diffusion layer are still of the same ingredients. Based on these findings, the 
microstructural evolution process at the SAC305/NanoFoil interface during aging is 
also confirmed to obey the three-stages phase evolution mechanism suggested above. 
 
 
Fig. 7- 9 TEM morphologies of bonding region near the NanoFoil/SAC305 interface a) 
before and after b) 5 mins and c) 15 mins aging. 
Table. 7- 6 EDX results of interfacial IMCs at the solder/substrate interface of Cu-SAC305-
Cu self-propagating joint 
Aging time As-bonded 5mins aging 15mins aging 
(at.%) Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ 
Cu 0.8 28.5 8.4 1.4 35.9 9.5 14.9 43.1 33.3 
Ag 38.5 5.6 0.4 22.7 0.5 0.7 0 0 0 
Sn 56.1 45.5 19.9 68.1 534 54.4 75.5 49.8 41.3 
Ni 2.8 16.7 45.7 4.8 7.4 23.4 6.3 5.6 18.1 
Al 1.8 3.7 25.7 3.0 2.8 12.1 3.3 1.5 7.3 
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Due to the variation in the ingredients of original solder alloy and the convection-
induced elemental segregation, distinctive IMCs are formed at the solder/NanoFoil 
interface of the Si-Au80Sn20-Si self-propagating joint. According to Fig. 7-10a, besides 
the (AuNi)Sn IMC layer and particles developed on the surface of the NanoFoil, 1 μm 
thick Au-enriched grain layer consisting of columnar dendritic Au7Sn grains and 
intergranular AuSn2 alloys is generated between the developed IMC layer and the solder 
layer. During aging, the microstructure of the interfacial IMC layer remains constant, 
but both kinds of Au-Sn grains are dissolved. Under this condition, one Au-enriched 
region is developed on the surface of interfacial IMC layer. For this Au-enriched region, 
the diffusion of Sn atoms towards the IMCs and Naonfoil is blocked, even completely 
consumed, as such little growth can be identified in the interfacial IMCs and diffusion 
layer during the short term aging (Fig. 7-10 a~b). Only if the aging time were long 
enough to promote the saturation of this Au-enriched region, the Sn element could 
diffuse across and react with the Ni atoms from the NanoFoil to enable the growth of 
interfacial IMCs and diffusion layer. As demonstrated in Fig. 7-10 c~d, as the 
concentration of Sn has surpassed its saturation point, the IMC layer grows up to 
approximately 20-30 nm and the width and thickness of diffusion layer are significantly 
improved after aging for 30 mins. Therefore, the microstructural changes at the 
Au80Sn20/NanoFoil interface on aging can be concluded to be the saturation of columnar 
dendritic Au-Sn alloys and the following three stages phase evolution process of 
interfacial IMCs and diffusion layer. Note that apparent interfacial Ni-Sn IMCs are 
generated in long-term aging, as in the case of Fig. 7-2a~e, for which the blocking effect 
of the thin Cu-Sn IMC layer in Cu-Sn-Cu and Cu-SAC305-Cu interconnect is testified. 
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Fig. 7- 10 TEM morphologies of the bonding region near the NanoFoil/Au80Sn20 interface a) 
before and after b) 5 mins, c) 15 mins and d) 30 mins aging. 
7.3.2 IMCs at the solder/substrate interface 
But at the interface between solder alloys and the substrate, the changing process 
of the interfacial IMCs during aging is relatively straightforward as fewer ingredients 
are involved in the interfacial reactions and growth of IMCs. Specifically, in Cu-Sn-Cu 
and Cu-SAC305-Cu self-propagating joints, instead of the complicated Ni-Al-V-Ag 
composite at the NanoFoil interface, Cu and Sn becomes the only elements that take 
part in the interfacial reactions. Similarly, in the Si-AuSn-Si joint, although one 
complex UBM layer has been deposited on the surface of Si before joining, the 
interfacial reactions can also be regarded as the reaction between the solder alloy and 
the Ni coating as the top Au layer had been entirely consumed during reactive bonding. 
Therefore, the growth kinetic of IMCs at the solder/substrate interface can be reduced 
and ascribed to be the diffusion and reaction of solder alloys with the single-element 
 169 
 
substrate. 
From Fig. 7-11 and 7-12, the evolution history of interfacial IMCs at the 
solder/substrate interface of Cu-Sn-Cu and Cu-SAC305-Cu joints during aging are 
illustrated. According to the TEM morphologies and relevant EDX data of as-bonded 
joint, the IMCs generated at this interface are confirmed to be the Cu-Sn layer mixed 
up with several Ag-Sn particles. During aging, all these IMCs are enlarged and 
equilibrated from the metastable state for the enhanced solid-state diffusion. Thus, with 
the rise of aging time from 0 to 30 mins, these IMCs turn into equilibrium alloys, and 
their size is also almost doubled.  
  
   
Fig. 7- 11 TEM morphologies of the bonding region near the Sn/Cu interface a) before and 
after b) 5 mins, c) 15 mins and d) 30 mins aging. 
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Fig. 7- 12 TEM morphologies of the bonding region near the SAC305/Cu interface a) before 
and after b) 5 mins and c) 15 mins aging. 
The evolution history of Ag-Sn IMCs during aging at this interface is similar to 
that in the intermediate solder layer or at the other bonding side interface. After 
dissolution, saturation, crystallization as well as the following aggregation process, 
sizable Ag3Sn IMC particles of the equilibrium state are induced. But, as the ratio of 
Ag is low and no additional atoms can be diffused from the NanoFoil or the substrate, 
Ag3Sn particles become the minor phase after aging.  
However, for the Cu-Sn IMC layer, the evolution process is evidently different. 
Particularly, as the atoms diffused from the substrate is sufficient to assure the saturation 
of solder and growth of IMCs, the developed Cu-Sn IMCs remain at a crystalline state 
during aging. As figured in Fig. 7-11b and 7-12b, the grain boundaries of interfacial 
IMCs remain stable while the metastable CuSn2 IMCs have changed from layer type 
into the initial columnar type equilibrium particles. Thus, the evolution process of Cu-
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Sn IMCs at the solder/substrate interface can be deduced to be the dissolution 
(precipitation) of supersaturated elements, and the intracrystalline equilibration from 
the interface with the substrate. But, even though the composition of Cu-Sn IMCs in 
the region near the substrate interface is at the equilibrium state, its composition in areas 
close to the solder layer is still partial metastable. For this reason, the equilibration of 
these Cu-Sn IMCs is thus confirmed to be determined by the diffusion of Cu atoms 
from the substrate to the metastable grains. Hence, only if the aging time were long 
enough, i.e. 15 mins for Cu-Sn-Cu joint and 5 mins for Cu-SAC305-Cu joint, all the 
columnar CuSn alloys can fully develop into η-Cu6Sn5 after the sufficient interdiffusion 
and equilibration. Then, if the aging time were further prolonged, as imaged in Fig. 7-
2 and 7-4, the columnar Cu6Sn5 IMC grains grow into thicker IMC layer, and ε-Cu3Sn 
may also generate between the η-Cu6Sn5 IMC and the substrate. Therefore, duplex IMC 
layers involving thick η-Cu6Sn5 and ε-Cu3Sn layers are produced after aging, which is 
similar to the aging results of interconnects bonded by other techniques elsewhere.  
For the Si-Au80Sn20-Si self-propagating joint, even the aging time is long enough, 
the IMCs developed at the solder/substrate interface is difficult to be distinguished from 
the surrounding solder alloys. Based on the discussion in Chapter 5, this minor growth 
of interfacial IMCs may be associated with the dissolution of Au coating and the relative 
poor diffusivity between the solder alloy and the Ni coating layer. Note that although 
the concentration of Au is reduced at the substrate interface for the inverse segregation 
of Sn, one thin Au-enriched layer is obtained for the dissolution of the entire 50 nm 
thick Au layer. Thus, as the Sn atoms diffused from the solder layer is blocked and 
consumed by this Au-enriched layer, the growth of IMCs is further restricted. As a 
consequence, the developed Au-Ni-Sn IMC layer at the solder/substrate interface is 
merely of approximately hundreds of nanometres even after long aging time which is 
sufficient to finish the crystallization and equilibration of solder alloys and potential 
IMCs, as described in Fig. 7-13 and 7-6. 
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Fig. 7- 13 TEM morphologies of the Au80Sn20/Si bonding interface a) before and after b) 5 
mins, c) 15 mins and d) 30 mins aging. 
The blocking effect of the Au-enriched layer is also validated by the morphologies 
of the Ni-SAC305-Ni self-propagating joint after different time of aging. As presented 
in Fig. 7-14, one evident metastable Ni-Sn IMC layer of hundreds of nanometers are 
formed between Ni coating and SAC305 solder alloy even in the as-bonded joint. Also 
in the aging test, these Ni-Sn alloys can grow up and be equilibrated for the continuous 
solid-state diffusion of the constitutive species, Ni from the substrate and Sn from the 
solder layer. Thus, equilibrium Ni3Sn4 or Ni3Sn layer involving acicular Ag3Sn grains 
are developed at the solder/substrate interface after aging. On this occasion, there is no 
denying the blocking effect of the Au-enriched layer induced by the dissolution of Au 
coating layer. 
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Fig. 7- 14 TEM morphologies of the bonding region near the SAC305/Ni interface a) before 
and after b) 5 mins and c) 15 mins aging. 
Then, by accounting the thickness of IMC layers in obtained joints, it is found that 
the growth rates of interfacial IMCs in the self-propagating joints, especially in the 
short-term aging, is larger than the figures achieved in closer studies based on other 
soldering techniques [251-253]. According to the Arrhenius equation [166], the growth 
constant is dominated by the activation energy that represents both the formation and 
motion of vacancies responsible for the interfacial reactions to form IMCs. Thus, the 
increase in the growth velocity may be due to the presence of the metastable IMCs 
developed during previous reactive bonding process. According to the rapid 
solidification theory [228], the Gibbs free energy of metastable phases are higher than 
the equilibrium phase such that a lower activation energy is required to initiate the 
equilibration of metastable IMCs than the crystallization of corresponding IMCs, i.e. 
Cu6Sn5, Cu3Sn and Ni3Sn4. Under such situation, the formation and growth of IMCs in 
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self-propagating joint become much easier. Thicker IMC layers and larger IMC 
particles are accordingly developed at bonding interfaces after the same aging period.  
7.4 Changes of defects in self-propagating joints 
The defects in the self-propagating joint are also a concern for the solder joint 
reliability if the package were serving in a high-temperature environment or highly 
stressed. Thus, in this work, the changes of defects in obtained self-propagating joints 
during aging are also investigated. However, it is noticeable that not all the five types 
of defects evolve during aging. No matter how long is the aging process, the gaps within 
the NanoFoil and the delamination between UBM layers remain constant as the aging 
temperature is far less than the melting point of recrystallization point of the NanoFoil 
and the substrate. In addition, the effect of the shrinkage-induced voids on the reliability 
of bonding is also neglectable since the total amount of voids in solder layer is limited. 
Therefore, considering the quantity and vulnerability of defects, the emphasis is given 
to the fourth-type defects generated in the interfacial region between different materials. 
From the TEM and SEM morphologies shown above, it can be concluded that the 
amount of voids at the bonding interfaces is significantly reduced during short-term 
aging. Particularly, quite a part of voids are eliminated at the solder/substrate interface. 
By comparing the location and size of voids before and after aging, this phenomenon 
may be attributed to the growth of interfacial IMCs or solder alloys and the atomic 
migration. During short-term aging, as the movement of every bonding materials is 
constrained, the previously developed voids can be gradually filled for the atomic 
migration induced by diffusion and the growth of surrounding IMCs or solder alloys. 
However, if the aging time is too long, more voids, even cracks, may generate in the 
interfacial IMC particles and IMC layer. This increase in the porosity is resulted from 
the difference between the diffusivities of elements. For this difference, the atomic 
diffusion may cause the formation of vacancies in the lattice at the interfaces between 
materials, namely ‘the Kirkendall effect’ [254]. Hence, new fourth-type defects are 
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developed at the interfaces of materials. With the progress of aging, once the amount of 
Kirkendall voids surpasses the number of voids filled previously, a decrease in the 
strength and reliability is induced in the self-propagating joint. Thus, the high-
temperature aging is confirmed to be beneficial to self-propagating joint in the short 
term aging but will become harmful in the long run. 
  
  
Fig. 7- 15 SEM morphologies of cracks at the solder/substrate interface, where a) and b) are 
the cross-section of Zn-5Al interconnects between Si, and c) and d) represent the 
microstructure of Si-Au80Sn20-Si bonding before and after 2h aging. 
On the other hand, the cracks in the interfacial region evolve in a distinct way. Due 
to the residual stress, the previously developed cracks extend during aging along the 
tips or stress concentration points in the joint. As identified in Fig.7-15 a~b, while the 
size of native cracks is enlarged for dozens of times, new cracks also developed in 
robust bonding region (Fig. 7-15 c~d). Only after the aging time is long enough to finish 
the stress relaxation and crack extension process, i.e. 8 h, the dimension of cracks can 
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remain stable as long as no external pressure is applied to the interconnect. Therefore, 
when the self-propagating joint is serving at high-temperature conditions, the crack 
problem will become more severe until reaching the worst level. 
The experimental results from the shear tests also support above conclusions. As 
plotted in Fig. 7-16, with the rise of aging time from 0 to 240 h, the shear strength of 
Cu-Sn-Cu interconnects has increased by approximately 20% at first, from 21 MPa to 
25 MPa, and then dropped down to the lowest point, 16 MPa. Thus, the benefits of the 
growth of IMCs or solder alloys, and the damages caused by the formation of 
Kirkendall voids and extension of cracks are experimentally verified. 
 
Fig. 7- 16 Shear strength data of Cu-Sn-Cu interconnects before and after various time of 
aging. 
7.5 Conclusions 
In this Chapter, the TEM cross-sections and bulk interconnects prepared in 
previous research, the Cu-Sn, Cu-SAC305 and Si-Au80Sn20 self-propagating joint, have 
been aged at 175 ºC for various time and subsequently characterized to estimate the 
microstructural evolution process of self-propagating joints in long-term service. 
According to the microstructural and composition results, the metastable phases 
generated in the self-propagating joints during reactive bonding have fully developed 
into sizable equilibrium alloys after a certain time of aging. A three-stage phase 
evolution process is proposed to illustrate the changing history of phases, regarding the 
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transformation of solder alloys and interfacial IMCs, including the initial dissolution 
and saturation, the following equilibration and crystallization and the finally continuous 
growth. Moreover, it is noticed that since the thickness of the initial interfacial IMCs 
are small and the additional time and energy required for dissolution and equilibration, 
the equilibrated interfacial IMCs in the self-propagating joint are still thinner than that 
developed in conventional bulk heating interconnects. Thus, considering the high shear 
strength of self-propagating joint and the excellent mechanical characters of NiAl alloy, 
the reactive bonding technique is able to form reliable interconnection of long serving 
life, which is attractive for various electronics packaging applications. 
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Chapter 8. Conclusions, Recommendations and 
Future work 
8.1 Main Conclusions 
The conclusions from the research work presented in this thesis are summarized 
and categorized into three main components: I) Numerical predictions on the soldering 
conditions of self-propagating reactive bonding, II) Packaging of various components 
using reactive bonding under different technical conditions, and III) Investigations on 
the soldering mechanism and microstructural evolution process of the self-propagating 
joints during bonding and post-bonding testing. These findings contribute to the 
understanding of the crystallization and soldering under non-equilibrium conditions, 
and enable the extensive uses of self-propagating reactive bonding technology for new 
design and assembly capable of various applications in electronic packaging. 
8.1.1 Soldering conditions of self-propagating reactive bonding 
The temperature-stress profile which determine the quality and reliability of 
bonding are predicted and analysed for the self-propagating joint. The results can be 
used to help elaborate the thermal and dynamic characteristics during reactive bonding 
as well as aid the analysis of effect of influencing factors. 
Temperature profile: The time-dependent transient temperature field in the self-
propagating bonding has been numerical examined. The temperature parameters, i.e. 
maximum reaction temperature, heating and cooling rate, and the duration of melting, 
which are related to the melting and interfacial reaction behaviour of solder alloy, have 
been analysed. From the predictions, the reaction temperature can rise up to over 1600 
ºC and cool down to below the melting point of melting point of solder within 1 ms, 
and a large temperature gradient of approximately 3*107 °C/m is developed between 
Al-Ni NanoFoil and the substrate for the relatively inefficient heat conduction. 
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Meanwhile, the changing of temperature in the HAZ is found to obey the Boltzmann 
function and include three stages, i.e. the rapid heating stage, the short-term rapid 
cooling stage and one following slow cooling stage. But due to the change in the 
thermal history and geometry, two distinct types of self-propagating reaction will occur 
during reactive bonding, including the steady reaction in the central bonding area and 
the transition reaction at the edges and corners of the joint, between which the 
temperature profile are different. In all the bonding regions, the self-propagating 
reaction is proved to be capable of providing a localized heating to melt the entire solder 
layer to form a metallurgical interconnection, of which the soldering process should be 
at high non-equilibrium state due to the rapid heating and cooling.  
Stress field and concentration: Due to the high reaction temperature, rapid 
heating/cooling and large temperature gradient, great von Mises stress far more than 
the yield strength of every bonding materials, i.e. several gigapascal, is generated in the 
self-propagating joint. Two stress peaks, including one compressive stress peak develop 
at the end of the self-propagating reaction and one following tensile stress peak 
occurred in the cooling stage, are observed. On the other hand, the stress is found to 
concentrate at the midpoint of NanoFoil for the elevated temperature and the bonding 
interfaces between materials for the CTE mismatch, as well as peak at edges and corners 
of the joint where transition reaction occurs, which may cause severe dislocation, 
recrystallization and deformation, even cracking, during and after reactive bonding.  
8.1.2 Packaging of various components under different technical conditions 
The feasibility and the related reliability of the reactive bonding technique have 
been tested experimentally in this research. The effect of influencing factors has been 
comparative studied through the experimental tests and numerical predictions. The 
obtained findings could be used to guide the identification and optimisation of bongding 
structure and technical conditions to enable the usage of self-propagating reactive 
bonding technique in various packaging applications. 
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Feasibility tests: The most commonly used substrate materials and solder alloys 
in the electronics manufacturing and packaging field have been bonded through the 
reactive bonding. It is found that robust interconnects can be achieved between Cu 
components, Ni coating, and Si chips if proper solder alloys and technical conditions 
were utilized, but the obtained joint may directly fail when use Al substrate and In 
solder for bonding. In all these bonding trials, five types of defects, including the voids 
in solder layer, gaps inside NanoFoil, extrusion-induced defects at edges of joint, 
sizable voids and cracks near the bonding interfaces, and delamination of UBM layers, 
are detected, which will affect the relibility and fracture mode of self-propagating joint.  
Reliability and influencing technical conditions: The porosity, joint thickness, 
shear strength and fracture mode of self-propagating joints bonded under different 
technical conditions, including the type and thickness of bonding materials, ambient 
temperature and applied pressure, are examined to explore the impact of technical 
conditions on the mechanical integrity of self-propagating joint. According to the 
experimental tests and corresponding numerical predictions, the solder layers are 
necessary to guarantee a robust self-propagating joint, which must completely be 
melted across their thickness and remain liquid for at least 0.45 ms. Voids and cracks 
are inevitable, but can be filled and eliminated by the liquid solder. Through the 
comparative analysis, it is suggested that applying preheating and pressure to the 
components to be bonded and using low-density thermal insulation substrate or low-
density heat-conductive solder alloys are beneficial to improve the solder conditions 
and further the reliability of self-propagating joint. Based on the results of shear tests, 
the shear strength of the self-propagating joint can attain 40 MPs if proper technical 
conditions were applied, and the fracture is identified to be the brittle fracture initiated 
from the defects in IMCs, gaps inside reacted NanoFoil, the cracks at the bonding 
interfaces or the delamination within the UBM layers. 
8.1.3 Soldering and microstructural evolution process during bonding and aging 
Through the microstructure characterisation and related numerical predictions, the 
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soldering mechanism and microstructural evolution process during reactive bonding 
and thermal ageing have been investigated for the self-propagating joint.  
Soldering process: The interfacial reactions and formation of phases in the Cu-
Sn, Cu-SAC305 and Si-Au80Sn20 joints have been analysis through the TEM tests. A 
number of interpretations have been proposed. During reactive bonding, the local 
materials in the reacting area is found to travel through a purely thermal trajectory in 
forms of convective liquid, for which the sollid-liquid-convective diffusion mechanism 
is proposed. Due to the short diffusion distance and rapid cooling, nano-sized equiaxed 
NiAl alloys are formed in the reacted NanoFoil. Metastable IMCs and diffusion regions 
are developed at the bonding interfaces for the solid-liquid-convective diffusion. In the 
solder layer, nano-sized phases with an ordered distribution are formed, which, it is 
speculated, is induced by the rapid and directional solidification. And in the substrate, 
severe recrystallization and grain refinement may occur for the high reaction 
temperature and large thermal stress. Moreover, by comparing the microstructure of 
different self-propagating joints, the optimition methods to improve the bonding 
process have been deduced. 
Microstructural evolution during aging: After the prepared TEM cross-sections 
and bulk interconnects have been aged at 175 ºC for various time, the cross-sectional 
microstructure of all these samples are characterized to estimate the evolution process 
of phases in long-term service. Based on the experimental characterisations, the 
nanoscale metastable phases existed in the self-propagating joint have fully transformed 
into sizable equilibrated grains and IMCs after a certain time of aging. Then, a three-
stage phase evolution process is proposed to illustrate the changing history of phases, 
concerning the solder grains, NiAl alloys and IMCs, during high-temperature aging, 
including: i) elemental dissolution and saturation, ii) nucleation (equilibration) and 
recrystallization, and iii) continuous growth. As the dimension of equilibrated phases 
are small even after aging, considering the high strength of self-propagating joint, the 
reactive bonding technique is testified to be capable of producing reliable long-life 
 182 
 
interconnections for the packaging of electronics. 
8.2 Recommendations for Optimum Design of interconnection 
through self-propagating reactive bonding 
A number of recommendations for design and optimisation of the bonding using 
self-propagating reaction can be made to enable such technique efficient and reliable 
for various electronics packaging applications. They are summarized as follows: 
Optimisation of interconnection structure: To provide flexible ignition without 
damaging the adjacent chips and components, structures such as conductive paths and 
barriers have to be designed or prepared on (near) the components to be bonded. 
Preheating and pressurizing modules are necessary as they are the most effective and 
convenient approaches to improve the soldering conditions and bonding strength. The 
solder flux, inert gas and vacuum atmosphere which is commonly used in traditional 
bonding process are not recommended, as they cannot significantly improve the 
bonding quality but induce costs of requiring additional equipment and process.  
The selection of technical conditions: During reactive bonding, the mechanical 
integrity and reliability of self-propagating joint are normally dominated by the filling 
of liquid solder and the wetting and soldering conditions at the interface between the 
solder and the substrate. Proper selection of the technical conditions can help to solve 
such problems: I) Coatings on the substrate can promote the wetting of liquid solder, 
which could be solder alloys, ingredients of the solder layer and other UBM layers. II) 
The pressure applied to the bonding structure is recommended to be 1~2 MPa. III) To 
enable a sufficient filling without causing too much decrease in the temperature profile 
at the solder/substrate bonding interface, the thickness of solder layer should be in the 
range of 15~35 μm. IV) Preheating can improve the initial bonding temperature but 
reduce the heat efficiency of the self-propagating material, for which the preheating 
temperature should be just above the predicted critical value and the assembly of the 
bonding materials must be completed in a short time to the greatest extent. Based on 
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these optimal guidelines, robust self-propagating interconnects with high strength and 
low porosity can be achieved if the bonding materials are precisely cut and aligned.  
8.3 Future works 
Due to the constraints of research facilities and time, there are still some challenges 
remained which demand further future investigations. These future work on the self-
propagating reactive bonding can therefore be outlined as follows: 
Ignition apparatus: Generally, the ignition of self-propagating multilayer foils is 
implemented through the electrical sparks produced by the momentary contact of 
probes or wires connected to the DC supplier. During this process, sufficient spaces 
between or around the components to be bonded are usually required to enable the 
moving of probes and wires to contact the self-propagating foil, which restricts the 
extensive use of reactive bonding in the packages requiring fine-pitch or internal 
interconnection. Hence, new ignition apparatus or methods are imperative to be 
developed. There are two potential ways to solve this problem: I) Use the microwave 
heating method and additional low-ignition-temperature exothermic material to 
contactless trigger the self-propagating reaction of the multilayer foil; II) Prepare point 
discharge devices or structures in the bonding area to ignite the multilayer foil locally. 
Enhancement of FEA predictions and verification of soldering condition: 
Future enhancements to the model and the utilization of numerical methods will permit 
variations in the materials’ properties, i.e. cp, ρ, k of bonding materials, and evolution 
of phases to be included in the prediction. The changes in the thickness of solder layers 
and the formation of metastable phases will be considered by inducing the Chemical 
Reaction and Microfluidics modules in the simulation. For the verifications, the actual 
bonding temperature will be measured using the latest high-speed thermometer and 
optimized thermocouple. In addition, the distribution of residual stress existed in the 
as-bonded self-propagating joint will be identified through electrochemical corrosion, 
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X-ray and Nano-indentation methods to verify the predictions of von Mises stress 
during self-propagating reaction. 
Coating optimisation: The weak adhesion strength of Ni coating to the Al 
substrate results in the failure of all the bonds. For this reason, novel coating system 
and technologies are in need for future development. This improvement will enable a 
strong adhesion between the coating layers with the Al substrate to avoid the 
delamination during reactive bonding. Also, the UBM layers prepared on the Si chips 
may be modified to reduce the cost and ease the huge thermal stress generated at the 
bonding interfaces. 
Composition and crystal structure of metastable phases: After reactive 
bonding, the size of metastable phases developed in the self-propagating joint is of tens 
of nanometres. This size is even smaller than the thickness of TEM cross-sections 
prepared by FIB. Thus, considering the crystallization caused by ion beam during FIB 
milling, even though the distribution and qualitative composition of metastable phases 
are obtained through TEM observation, their accurate composition and crystal structure 
remain unknown. To resolve such a problem, two suggestions may be considered for 
further experiments: I) Remove surrounding solder and achieve separated metastable 
phase particles through T-EBSD or acid etching as the hardness and corrosion resistance 
of IMCs are higher than the solder; II), Use more precise examination instruments to 
prepare thinner TEM cross-sections and thus obtain the true diffraction pattern. 
Characteristics of the solder layer after bonding: The unique microstructure 
and distribution of solder grains and IMCs which has been introduced in Chapter 5 may 
have a significant impact on the mechanical and electrical properties of the bond after 
reactive bonding. Even though the feasibility and reliability of reactive bonding have 
been numerically and experimentally examined, certain fundamental aspects are yet to 
be understood. Under such case, this can be a potential future research topic to allow 
mechanical and electrical study for identifying the performance variance of materials 
under non-equilibrium soldering condition. 
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